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PROPELLANT VAPORIZATION AS A DESIGN CRITERION

FOR ROCKET-ENGINE COMBUSTION CHAMBERS 1

by RICHARD J. PRIE3[ and ._IaRCVS F. HEID_I._.,'CN

SUMMARY

.4 model a_d theory for describing the roch'et com-

bustion process are pre_ented. The model is based on

t_e assumption that propellant vapom'zation is tl_e

rate-controlling comb_L._tion process. Calc_dations oJ

the caporization rate and histories show the effects of

propellants, .¢pray condition._, engine de.¢ign param-

eters, and operating parameter._' on the caporization

process. The results are correlated with an effective

chamber len_#h Jbr ease in _t._ing them for design pur-
poses. An analysis i._ presented of the quantitatire

effect of incomplete propellant caporization on com-

bustor performance. With this analysis, experi-

mental and calculated combustor performances are

compared for _njectors tvhere drop size can be calcu-

lated. For other injectors the drop sizes are deduced

a_d are shown as functions of injector type and orifice

size. The technique .for using the calculated results

to design roclcet combustors is also described.

INTRODUCTION

The design of a rocket-engine combustor is usu-

ally considered an art rather than a science 'be-

cause of the large number of different phenomena

that occur during the combustion process. Con-

sidering all the phenomena results in a large num-

ber of similarity parameters (refs. I to 4) that

should be used in designing and scaling rocket
combustors. Since it is impossible to satisfy all

the similarity parameters, experience and intui-

tion are used to determine the emphasis on each

parameter. This suggests the need of a better

understanding of the combustion process and of a

technique for determining the governing factors in

combustion _Mciency.

i Supersedes NAC A Technic'a[ Not;es 38_3, 39_,_, _098, and 4219.

This report shows how propellant vaporization

(one of the many steps within the combustion proc-

ess) will influence combustion efficiency if vapori-

zation is the rate-cow,trolling step. Vaporization

rates are calculated for ,_ wide range of various

combustor parameters to show how each param-

eter affects eombustiou efficiency. The equa-
tions needed for the calculations are deriv(_d from

a model that assumes that the vaporization process

is the rate-controlling step. This assumption ap-

pears justified based on the recent findings of the

times or distances required for atomization, mix-

ing, and chemical reactions (refs. 5 to 7). The

analysis also assumes one-dimensional steady-
state flow with no interaction between (h'ops and

no shattering of drops. From these results a gen-
eralized correlation is developed to show the effect

of chamber length, length of nozzle convergent

section, chamber contraction ratio, nozzle shape,

chamber pressm'e, injection velocity, drop size,

and initial propellant temperature for five propel-

lants: heptane, ammonia, hydrazine, oxygen, and

fluorine. The generalized results enable one to
determine the amount of propellant vaporized in

the combustor for any values of the preceding

parameters.
The relation between propellant vaporized and

combustor performance is also derived to show

what effect the vaporization process has on per-
formance. With this relation the calculated

amounts of propellant vaporized are converted to

efflcieneies in order to compare experimental and
calculated efficiencies. This comparison exhibits

good agreement both in absolute values and trends,

indicating that propellant vaporization is the
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rate-controlling step in most rocket combustors.
A detailed explanation of the way the calculated

resTflts can be used for design procedure is also in-
eluded as an aid in interpreting and using the
results. In addition, drop-size data required for
this use are presented.

SYMBOLS

A
d

B
b

G

C*

Cp

D
d

da0

area, sq in.
chamber contraction ratio, A_/Ax
constant for number distribution,

100/(_ '-5-_In ,re)
fihn thickness, in.

nozzle exponent
eoeflieient of drag for spheres, dimension-

less

charactecistic exhaust, velocity, ft/see or
in./sec

specific heat at constant pressure,
Btu/(lb) (°F)

molecular diffusion coefficient, sq in./sec

diameter, in.
volume-number mean drop size,

3._Y_,r_,d3sdY',n, in.

F

Y

K

f

k
l

l,r
lg,,,
M

'm

N

aerodynamic drag force, lb force
fraction of fuel vaporized
_avitational constant, 32.2 ft/seC or

386.4 in./seC
heat-transfer coefficient,

Btu/(sq in.) (see) (°F)
molal rate of diffusion,

lb mole/(sq in.)(see)
coefficient of mass transfer,

lb mass/(lb force)(see)
constant for burning drop, (in.)_/sec
thermal conductivity, Btu/(in.) (see)(°F)

length, in.
effective length (eq. (102)), in.

generalized length (eq. (103)), in.
Math number

molecular weight, lb mass/lb mole
mass of drop, lb

initial mass of all drops, _ n_m_. o

Nusselt number for heat transfer, 2rh/k,_
Nusselt number for mass transfer,

percent of drops having radii smaller
than r

n_

o/r
d:

P
Pr

P

P,
q,
_/sa

q_

_p

q_
R

_g

l"

rm

S
Sc
T

T_
T_
Tt

Tl, 0

T_o,R

Tt

t
U

u

We

W

'G

WF, _n

G
X

Z

number of drops in group of i-sized drops
oxidant-to-fuel weight-flow ratio, ,_'o/i_,r
fraction of oxidant vaporized
elmmber total pressure, lb/sq in.
Prandtt number, c_.... _,_//c,,_

partial pressure, lb foree/sq in.
chamber static pressure, lb force/sq m.
sensible heat rate of drop, Btu/sec
heat oarried back with diffusing vapor in

form of superheat, Btu/sec
total heat transfer h'om gases to vapor:

film, Bin/see
heat received at drop surface, Btu/sec

heat to vaporize diffusing vapor, Btu/,_ec
universal gas constant, 18,510

(in.) (lb force)/(°R)(lb mole)

Reynolds number, 2rg'p,_/.,n_

percent of mass in drops smaller dmn r
radial distance from center of drop, in.
mass-median drop radius, in.
number-median drop radius,

r,, exp [--:3(hi _q)21, in.
nozzle shape factor, Nozzle vohmle/A°/x
Schmidt number, _.,_,/'Dp,,_

temperature at. a particular point, °R
mean temperature in boundary, °R
temperature of surrounding gases, °R
critical temperature of propellant, CR
temperature of liquid drop, °R
initial propellant temperature, °R
reduced initial propellant temperature,

T,. o/T_,, dimensionless

total gas temperature in nozzle, °R
time, sec

velocity difference between gas and drop,
in./sec

velocity of gas, in./sec
gas velocity at position where vaporiza-

tion is complete, in./sec
droplet velocity, in./sec
Weber number, o_,Lmrs/_,

vaporization rate, lb/sec
liquid-fuel weight flow, lb/sec
liquid-fuel weight flow through injector,

lb/see

liquid-oxidant weight flow, lb/sec
ax'ial position, in.
correction factor for heat transfer,.

z/(e"-- 1), dimensionless
heat-transfer factor, wc_./2 _']c_rs_Vu_, di-

mensionless

'! | t
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correction factor for mass transfer,
(P,/P_. s) In [p/(p.--p_. s) ], dimensionless

7 ratio of specific heats
n characteristic-exhaust-velocity efficiency,

percent of theoretical
X latent heat of vaporization, Btu/Ib
# viscosity, lb/(in.) (see)
p density, lb/eu in.

,rz geometric standard deviation, (r at _=
84.13)/(r at Tv = 50.00), dimensionless

_, surface tension of liquid, lb/in.

r average time between drops that pass
through given cross section of chamber,
sec

Subscripts :

a vaporizing material
b surround:',z medium

c cylindrical c}/amber
cal calculated value

cs cross section of drop
exp experimental
f vaporizing propellant vapor
g gaseous medium

i /th-sized drops
i jet
l liquid propellant
rnx vapor mixture
N nozzle throat

O/F oxidant-to-fuel weight-flow ratio, _bo/_.b,.
0/_- ratio of oxidant weight flow to vaporized

fuel, _bo/-3_--_F
(?/F ratio of vaporized oxidant to fuel weight

flow, 0 _bohb,-
0/5' ratio of vaporized oxidant to vaporized

fuel, d?_o/5"_b_,
o initial

q assumed value
S surface of drop
t total

th theoretical

x at position x in chamber or nozzle
x+Ax at position x+__x in chamber

z average value between positions x and
z+_x

I case I, complete combustion

II case II, incomplete combustion

DESCRIPTION OF MODEL

Propellant injected into a combustion chamber
is believed to pass through the following stages:
The propellant leaves the injector as a ligament or

sheet. These ligaments or sheets then break
down into different size droplets with heat transfer

from the surrounding hot gases occurring after
the ligament has broken up into droplets. .ks
heat transfer takes place, the droplets are heated
and at the same time lose part of their mass by
vaporization and diffusion. After vaporizing,
the propellants are mixed and react to form hot
gases. .ks the droplets vaporize they are also

slowed down (or speeded up, depending on the
mag'nitude of the drop velocity and surrounding
bulk gas velocity) by aerodynamic drag forces.
The bulk gas velocity meanwhile increases because
of the increased nmss of propellants in the gas
phase as combustion produets.

In this analysis the vaporization rate of one
propelhmt is calculaced fronl the point at which

droplets are formed. This is equivalent to as-
suming that the distance required to form droplets
is negligible or that some additional length is
required for the atomization process before vapori-
zation begins. Furthermore, it is assumed that
mixing and reaction rates are fast and that reacted
products are formed as soon as the propellants are
vaporized. This condition is satisfied in a cham-
ber in which the propellants are uniformly intro-
duced over the enth'e cross-sectional area and in

which the concentrations of propellants and the
temperature of the products are high (high cham-
ber pressure and close to stoiehiometric mixture

for high temperature).
With this description, a model can be set tip for

each droplet as shown schematically in figure 1.

/+At
x+Ax

'_----,,,- u

Oxidant

"_w (or {uel)

--_-,,- u+/', u

• /q"

Fic, v'a_. 1.--Schematic model of fuel or oxiden_ drops

vaporizing in rocket engine.
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.Lt

2.

A liquid droplet is shown at position x in the
chamber and a small increment later in time

_t and distance _z. During this increment, the
drop velocity t' changes by a small amotmt _;?.

In this increment the gas velocity u changes by
,.Xm The drop velocity starts at the axial injection
velocity and slows down. Similarly, the gas
velocity starts _tt zero and increases as the propel-
lants vaporize and burn. While the drop is mov-
ing through the increment, heat is transferred to
the liquid surface at a rate qo (no internal heat
generation), and propellant is transferred from
the surface at a rate of .w. During the increment,
the mass and the radius of the drop change from

m, to m_+a_ and r, to r,+a,, respectively, while
the drop temperature T_ changes by ._Tt.

With the calculation technique used herein,
the process is divided into sufficiently small
increments that only small changes occur over
that period• It is assumed that steady-state
mass-, momentum-, and heat-transfer eq_ations
are applicable during this increment. These
equations will be explained later.

For analytical purposes it is necessary to as-

sume one-dimensional steady-state flow and that
all drops have the same initial velocity and never
shatter or coalesce. To determine properties in
:he bulk gas flow it is necessary to assume that.
they correspond to conditions produced by
stoichiometric combustion. This implies tba_ all
the combustion is at the outer edge of the film
surrounding the drops (characteristic of a burning
drop) and that the amount of unburned propellant

in the bulk gases is negligible.

THEORY

MASS TRANSFER

Neglecting thermal diffusion and assuming that
diffusion results from a driving force of a concen-
tration gradient in the direction of diffusion, the

following equation is obtained for a diffnsing
system (ref. S) :

dp_ -- RT
W----_ (j_P_--jbP_) (1)

For a vaporizing droplet, the diffusion rate of
component b (i.e., oxidant diffusing to the fuel
drop) is usually insignificant and is eonsiderc, d
to be zero, or

j_=0 (2)

When the mola[ rate of diffusion at the dropIet
surface is defined as j_.s, then, for a spherical
drople_ and film by the continuity equatiot,,

Then,

• _jar 2

J_'_- r-_ (3)

dp_ --RT . r_
dr ----b-_- 3_.., _ pb (4)

If it is assumed that the temperature is equal to"
a constant value "T (arithmetic mean) throughout
the film and that D is also constant and deter-

mined at T, equation (4) can he integrated
between r=rs and r=rs+B (where B is the
film thickness). For this integration, p_(rs)=
P_.s, p_(rs-kB)=O, and p,,-r' p_--p,. There is
then obtained for j_.s

:]"'s--R_ . 's (6)

The mass transfer from the surface in pounds per
second is _hen

• r-D_)/= 1 1"

P_.s \.P,--P_ s/d
or

D ,M_ 1 l

where

P,
P' h, (-p _-p_.s'_,/ (8)Pa, s

In equation (7), a is normally thought of as a
terra to convert the equimolM diffusion (j_=j_)
to unidirectional diffusion (jb=0), or

(ja, 8) un|direct|omal = (ja.*_e_luiraoIM Q_.

Because the film thickness B is unknow-n, it is
customa_" to use the following engineering
equation given by reference 9:

w= AsKp_.sO_ (9)

where K is the mass-transfer coefficient, which "

can be obtained from the empirical correlation of
reference 10 :

R
2r, _ TK

.V_,,_= D =2-i-0.6(Sc)_eZ(Re) '''2 (i0)
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_t
Equation (I0) is not identical to that given by

reference 1t), since RT/DI,, has been substituted

for p,/o,,,. For water droplets, used bv reference
IO, there is little difference between R'_%_I_ and

p,/o_,, and the same correlation wouhl have been
obtained using R_,_I_. Other investigators (see

ref. 9, pp. 72-73) have obtained similar correla-
tions using the R'T'/Sg_ term. In determining
their correlation, Ranz and Marshall (ref. 10)
dM not use the o_ term in equation (9). Justifi-
cation for its use is that. by using it better agree-
ment was obtained in reference 11 between

experimental and calculated histories. Also, the

vapor pressures encountered by Ranz and .Mar-
shall were so low that the a term woukl have

been essentially equal to unity in their experiments.
The Ranz and Marshall correlation was used

for the Nusselt mm_ber Nu.,_, since a heat-transfer
and mass-transfer correlation had been determined

therein under conditions involving simultaneous
heat and mass transfer. Also, the nature of

their investigation was similar to that in a rocket
combustion chamber, although the maximum
temperatures and pressures were not so high.

Combining equations (7), (9), and (10) gives

9=Nu,_--2 (1!)

This states that the thickness of the mantle

around the drop is infinite when the drop is at a
standstill relative to the gas (Re=0 and ,Vu,_=2).
The higher the relative velocity, the smaller the
thickness, approaching zero thickness for infinite
velocity. Combining equations (9) and (10) pro-
duces the following equation used in the
calculations:

w Ddff_As , 2vD_I_rs .= ----_--- aY, ump_.s= - a_,'u,,p_.s (12)
R T2rs R T

where Ntt,_ and a.are defined in equations (10)

and (8), respectively. This requires a knowledge
of the radius, velocity, temperature, and physical
properties of the droplet at. every instant.

HEAT TRANSFER

Referring to figure 2, the total heat transfer
q, from the surrounding gases to the film around
the drop goes (1) to heat the liquid droplet qt,
(2) to vaporize the diffusing vapor gx, and (3) to
the diffusing vapor in the form of superheat q,_.

543225--60--2

Vapor film __ _N,,q t

FI(_URE 2.--Schematic diagram of heat transfer to vapor

film and liquid drop.

The heat arriving at the droplet surface equals the
sum of qz and qx and is defined as qo.

If at any instant during vaporization a surface
in the gas-air vapor film at a distance r from the
center of the droplet is considered,

then
g_--. go- q,_

, dT ,
g,=4rr'k _--_ccp._(T-- T,)

(13)

04)

Assuming that the thermal conductivity and

specific heat are constant at some mean value,
equation (14) can be integrated between r=rs and
r=rs+B, where T(rs)= T, and T(rs+B)=lb.
Then,

[-q_÷wc,._(Tb--T,)_ wc,._ B (15)
In L. _ J=4-_ rs(rs-r-B)

Defining

then

we. _ B (16)
z=_ rs(rs+ B)

T_-- T, (17)
_-_-WC_,a eZ - [

Multiplying and dividing by : and rs give

(")_+k_ .ts( T__ r,)ff,=k,_ kB r._] e'-- 1 (18)



TECHNICAL REPORT R-67--NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

or

where

Z_--_ z
e,_l (20)

In equation (20), Z represents the ratio of the
heat that would he conducted to the surface with

pure convective heat transfer and no mass trans-
fer, to tile heat transfer with convection and

mass transfer. Tile value of Z is ahvays less than

unity, since the mass transfer reduces the heat

transferred to the surface of the drop.

The flint thickness B again appears in equation

(19); therefore, the following engineering equation
given by reference O is used:

q,=hAs(T_--T,)Z (21)

where h is the heat-_ransfer coefficient, which,

like the mass-transfer coefficient, is normally ob-

tained from an empirical correlation. The eon'e-

lation used was that given by reference 10 (for the

same reasons as given for the mass-transfer corre-

lation):

.Vun=_=2 q--0.6 (Pr)'/a(Re) _/a ('22)
h°mx

In determining their correlation, Ranz and

Marshall did not use the Z-factor in equation (21).

Its use in the present calculations seems valid,
since better a_eement was obtained in reference

12 between experimental and calculated histories

by using it. In addition, there is a close similarity

between equations (21) and (19) that indicated it

should be included. Finally, in Ranz's experi-
mental work the mass-transfer rate was so low

that the Z-factor would have been unity.

Combining equations (19), (21), and (22) gives

9 = Nu_-- 2 (221)

which is similar to equation (11) for film thickness

determined for mass transfer. Combining equa-

tions (16), (19), (21), and (22) produces the fol-
lowing equation used in the calculations:

k..:Vu_A s ( G- T,) Z= 2.k,.. NU,rs( I'_-- T,) Z

(.'24)

where .Vu_ and Z are _¢iven bv_ equations ,._.)'_""and

(20), respect,ively, and

,_ ?re,., C-5)
-- 0 . , -?-a'X ,,,d.s.\ t_,

This requires a knowledge of the ,lrop radius.

velocity, temperature, mass transfer, and physical

properties of the droph_t at every instant.

DROPLET TNMPERATURE

The droplet temperature is determined from an

energ'y balance applied at the liquid droplet
surface. The heat transferred to the liquid surface

q_ goes to two places: (1) heat for vaporizing the

mass transferred out of the drop qx, and (2) heat

for raising the liquid temperatm'e q,.:

_.----qz÷qx (26)

However,

qx=wX (27)
Then

gz= q,-- wX (28)

The values for _,. and w are given by equations

(24) and (12), respectively, and the heat of vapor-
ization X is determined by the temperature of the

liquid droplet.

By assuming that the temperature of the

droplet is uniform, which implies infinite thermal

conductivity or very fast circulation within the

drop, the change in droplet temperature is related
to the heat as follows:

or

dT:
q,=m%., _ (29)

dT_ 1

-a-F= _ (qo-wx) (30)

Equation (30) states that determining the rate of

change .of the droplet temperature requires a

knowledge of the instantaneous heat-transfer rate,

mass-transfer rate, droplet temperature, and drop-

let size. If the heat-transfer rate q, is larger than

the rate at which heat is carried away by the

vaporizing liquid wX, the droplet temperature
increases. If the heat-transfer rate is lower than

the heat. carried away by the vapor, the droplet

temperature decreases. At some point t.he heat-

transfer rate equals the heat carried away by the

vapor, and the droplet temperature remains con-

.r| _ i"
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stant. This corresponds to a "wet-bulb"

temperature.
3IO M EN TU.'_| TRANSFER

Momentum is transferred between tile liquid

drop and ttle gasos by aerodynamic drag. This

force will either slow dot_m the drop or speed it

up so that the velocity of the drop approaches

that of the surrounding gases.

The aerodynamic drag force exerted by a moving

fluid on an immersed bo,ly may be calculated

from the following equation (ref. 13):

Ac,_p_ U 2
131)

g 2
F=C_

For a spherical droplet

or

F --mdc_c .l,p,_U _

U ._
d_, 3 p_, (a2)

The drag coefficient obtained by reference !4 was

used as it was determined for evaporating sprays:

CD= 27 ( Re) -°s_ (34)

To calculate the acceleration of the droplet at

any instant again requires a -knowledge of the

instantaneous drop radius, velocity, and physical

properties.

GAS VELOCITY IN CYLINDRICAL CHAMBER

For a constant cross-sectional area of the cham-

ber, the gas velocity can be obtained by" applying

a mass balance to the system, or

Increase mass of gases=Decrease mass of liquid

p,A_ du_= -- (d_b_, _+ d_bo._) (35)

The ratio of o.,ddant- to fuel-flow rate is

" _bo o
_=p (36)

and, therefore, for equal vaporization rates of the

two propellants,

d_b,._+dtbo._-----(t +O) d_b_._ (37)

Combining equations (35) and (37) gives

" ' d+_-=
(38_

Assuming a constant gfts density p_ and inte-

_'ating between the boundary conditions of
,t_=O where _/,v._=_bF._ and u_=u_ where _b_._=

_b_._ result in
" 0

(l+y) (39)

OHmic

Similarly, when u_=u, @._=0; then

Uo=_ _12F,in
Pg': c

and

(40)

(41)

The mass-flow rate can be expressed in terms of

the sum of the masses of the liquid drops by

_F'x_ _ rbi
-- m _,_ (42)

The boundary condition _.bF,=='d'b-._ is applied

where rn_.,=m,.o, so that equation (42) becomes

_, ____ n_r m,.o (43)

A combination of equations (41) to (43) gives the

following equation used in the calculations:

u--_=l- _m_,_=l ___n_m_.=

I.,_v _ ,rbt D'J, l, o "]T6 _

(44)

Calculation of gas velocity from equation (44)

requires a "knowledge of drop size or vaporization
rate.

NOZZLE AERODYNAMICS

The problem of incomplete vaporization in the

cylindrical chamber is now considered. The

equations for heat. transfer and momenttun trans-

fer Wen in the previous section all require _t

knowledge of the gas velocity and pressure at the

position under consideration. Therefore, in order

to calculate vaporization rates in the convergent

nozzle attached to the cylindrical chamber, the
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gas velocity and pressure must be defined in
terms of the position in the nozzle. There are
numerous equations for determining area in terms
of velocity or pressure, but the relation between
velocity and pressure usmdly is given by tables
(e.g., ref. 15). For calculation purposes, an
empirical equation was used to relate velocity
and pressure to position or area. The emphical
equations were obtained by curve-fitting to the

values described in reference 15 for a perfect gas.
The empirical nozzle equation for pressure in

terms of diameter that is used in the calculations
is

p_._ 1-- 1.060411 (ddd_),, (45)-P--0.9:70665-- 1.036163 (d_//,v)

The equation for velocity is

--=

U.v --4_8o61+4.440105 (dzdx)+0.855491 (d,/d,v)-

(46)

Pressures and velocities obtained ".'ith equations

iD0

.95

.9O

_5

f

.75

.g ,re

{IJ

ce £5

i s _J

i

-/,
I

.60 "rl
.55

50I0 _

Eq. (45)

Ref. 15
t

L2 1.3 !.4 5 1.6
Relative nozzle diameter dx/d N

1.7

Fmva_ 3.--Comparison of pressure obtained by equation

(45) with pressures of reference i5.

(45) and (46) are compared with dat_ from tables
of reference 15 (for inviscid adiabatic flow) in
figures 3 and 4, respectively.

I L_ '! t L _L__L__I_ I t l I ! t
BL __L I I 1!_

s_ .... _L_L_I / I 1
"L\ J I ! A L_._L_

F\ l i !
)\1, .i
L.__X__A__ ! _ ! :

i _ i :

2 , i _,,e :
8 f ., " :"g,
_, , I I',,%, _ i
-= : _, J_ ,_'X, _ I .....

_i : l [ J ; ]-"_'[ _ / ,, I

', t I I : i i ,"<->...-_ _ ! t

IZJ' 'l], i t !
.oaL _ _ ._2__--

i.O 1.5 2.0 2.5 3.0 3.5 4.0 4.b

Relative nozzle diameter, dx/dy

:--t i

I li

Eq. (46) --
..... Ref.15

FIGURE 4.--Comparison of velocities obtained by equation

(46) with velocities of reference 15.

To relate diameter to position, nozzles having
contours described by the following equation were
used :

(Ix _c /_tc " /' "r"_ _

...... 1 k ) (47)

Nozzle exponents b of 2, 1, and }_were used, which
resulted in nozzle shapes as shown in figure 5
for a ratio of chamber to throat diameter did.,,
of 2.

Since the nozzle of a rocket attaches directly
to the end of the cylindrical chamber, the diameter,
gas velocity, and pressure at the end of the
cylindrical chamber must be identical to those at
the be_nning of the nozzle. This then inter-
relates velocity, pressure, and diameter of the
chamber, gas velocity where vaporization is com-
plete u,, and percent mass vaporized at _he
cylindrical-chamber exit by equations (44) and

(45) to (47). For calculation purposes, the gas
velocity where vaporization is complete u,, and

I |1
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(a) Exponent b =_". (b)Exponent b:l. (c)Exponent b:2.

F[aL'RE 5.--Nozzle sh_pes for contraction ratio of 4.

percent mass vaporized at the exit of the cylindri-
cal chamber were specified. With u0 specEfie(t

and initiM and vaporized mass known, the cham-
ber diameter or area A¢ is determined from

equation (,40). Thus, spc.:a,-iag u_ and percent
vaporized at the &amber exit ,:omplet, cly describes
the combustor for which the calculations were

performed.

RELATION BETWEEN PERCENTAGE OF PROPELLANT
VAPORIZED AND ENGINE PERFORMANCE

For incomplete combustion, tile rocket exhaust.
contains a mixture of oxidant drops, fuel drops,

and gaseous combustion products. The gaseous
combustion products are assumed to be at thermo-
dynamic equilibrium coneentrations. If the vol-
ume and kinetic energy of the liquid drops are
neglected, the characteristic veIocity c* that can
be theoretically realized may be computed from

the thermodynamie properties of the combustion
products and related to combustion-chamber
parameters by applying the basic definition from
reference 16 (p. 74):

c* _ PA,vg
('_) OIJ-- #u'o+ _-w_- (48)

The experimental c* in terms of measured en-

gine parameters is expressed

, PA _g
(c_=v)ofF=_ e (49)

Combining equations (48) and (49) gives

., ("_,/,o+ s,_'} (50)_=,)o,_,=(c*_)_/j _ -\ Woq--wF /

The c* efficiency ,7 is usually taken to be

Ic.,,_)o,'v (51)
_= (c*_Do,,,

Combining equations (50) and (5t) gives

* _ , --

(c*_)('/._('l ,*v,4-::*m/' I (,52)
77= (e_)ofF \. _i:o-:-,2_, J

Equation (52) relates e* effieieneies to the percent-
ages of fuel _nd oxidant vaporized and may be
used for the interpretation of ex-perimental data.

For some combustors, either the oxidant or the
fuel is completely vaporized before reaching the

exhaust nozzle (e.g., one gaseous propellant or
finely atomized propellaut). For these conditions,
equation (52) reduces to the following equations.
With the fuel completely vaporized, the e* effi-
eieney is related to _he fraction of oxidant vapor-

ized by

c*' C£_o }-I
"J F/F :i2,

•., (53)

?,UF

With the oxidant completely vapor!zcd, the c*
efficiency is related to the fraction of fuel vaporized

by

WO --l-- -z
(G)o/_- __.F

n= (c*,) o/, u)."o+1 (54)
WF

Computations for engine performance, therefore,
require a knowledge of the variation in theoretical
c* over an extended range of mixture ratios and
the fraction of fuel and oxidant vaporized.

FINAL GaS VELOCITY FOR INCOMPLETE COI_IBUSTION

In the calculations for the complete vaporization
of propellants in the cylindrical chamber, the final
gas velocity when all the propellants are burned is
used to describe the gas-velocity environment of

the droplet throughout its history. With incom-
plete combustion, this point is never aelfieved in
the combustor. However, final gas velocity can

be related to the throat velocity and percentage of
the propellants vaporized in the actual chamber
by assuming isentropic ex-pansion and no combus-
tion or vaporization in the nozzle as follows:
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f
I L_. ur t/- "'x_ _ _ is constant is used. Then.

/ tit', [1" ;'Jz, IT .___!

S [le, I llr, I

0 x I00
Percent vaporized

CaseI

PII

/
/

/
/
6

._J, II
// l

/ I
r

J
Percent vaporized

Case[I

(58)

The effi_'ieney is related to pere,,ntage of propel-
lants vaporized t}y equation (52), so that

09)

Since _z,.z is Hie. velocityat {:oml)lete vaporiza-
tion for the 100-percent-efficient comt}ustor, it,
can be determined from the aerodynamics of the
nozzle and the velocity of the gases at the throat.
The velocity relation is

Case I in the diagram ilIustrates a comlmstor

vaporizing all the propellants, thus obtaini_Ig the
theoretical c* value (c%)o/_. The dashed lines
are curves representing the gas velocity at various
stations. The combustor of ease II has the same

propellant weight flow and ,:hamber geometry as
case I, except that it is shorter and vaporizes only
part of the propellants and achieves a lower c*

value, (c.._p)om. The resultant inefficiency of the
case II engine gives it a lower chamber pressure P,
so that

P_!_ (c_*p)on,_ c* _ (55)
P-T-(_*_)o,------;-_Z-'7

In the two eases, position x of case I and position
a_of case II have the same amount of propellant
vaporized; therefore, the T/M values are the same

at these two positions. Thus, the densities will
only be hmctions of the pressure, or

p,.r PI 1
727,H=_=_ (so)

U"r=U_-=3[ (60)
I/.v t/,v

where _t_/Uv is described in terms of the diameter

ratio in equation (46), or, if 3f is preferred, it is
_ven in reference 15 as a function of the area
ratio.

The velocity in the throat can be related to c*
as follows (ref. t6. p. 74):

c*-- _'g'yRT,%tt
7+t (6t)

The velocity of sound, which is also the velocity at
the nozzle throat, is (ref. 16, p. 60)

Therefore,

u.,.- /2g_'Rv, Pw
• -¥ _,+t (62)

( ,f-,
_,,= c*-y\7-4--i/ (68)

Applying the continuity equation at position x
and realizing that the weight flows of the gases are
equal,

')-/z,II= Pz. l =I (57)
7J'Z, I P:¢, II

To obtain the gas velocil;y wil;h complete vapori-

zation for case II, the fact that, the ratio of veloci-

ties in ease I to the velocities in case II (at points
where the same fraction of propellant is vaporized)

Combining equations (59), (60), and (63),

,,f

¢) I'--1 C $ qJ9 ' "u -_ltc*,( " _ (,_)o,_ ( o=U.> "_
k_-rl) (c,,)C_l__te,wo_ryw,) (64)

Equation (64) thus relates the final gas velocity
for an inefficient eombustor u,.u to the fraction
of propellants vaporized in the cylindrical cham-
ber and the area or diameter ratio.

"| I t
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AVERAGE PHYSICAL PROPERTIES

The previous equations for mass transfer, heat

transfer, aml so forth, require the use of the

thermal eomtuctivity, viscosity, ,lep, sity, and

specific heat of the vapor nlixture surrounding the

droplet. An exact, evaluation of these properties

would render the equations almost impossible to

integrate; and. furthermore, the precision wit[l

which some of the properties are known for the

pure ,.'omponents ,loe._ not justify the work

required in determining each propert.y aeelu'ately.

The properties were therefore ealculated at, the

arithnletie average telnperature in the film T and

for a vapor concentration equal to haft the

eone.mtration existing at the droplet surface. As

a good approximation, the molal concentrati)n of
each constituent was taken equal to its partial

pressure. The average properties for each drop

at a given position were then obtained by aver-

aging each constituent according to its coneentra-

lion as given in reference 8:

7'= T_÷ T, (65)
2

Cp, trlX

u,,==(t P_.s'_ , P_.s (67)2pJ u_m '-5-%.U_

,?¢1,._= ( 1 -- P_' s) "M_+ p_'---yJtI__2p , (68)

=['l__P_.s_ _Mb . ± P,.s al'l_
k 2p.,/_ _''bT 2p, _ cj,.a (69)

_,...w... (70)

In these relations, subscript a refers to the vapor-

izing material and subscript b to tile surrounding

gaseous material. The pure component properties

were determined from the equations Wen in the

appendix. To determine the physical properties,

it is essential that. the temperatures of the liquid

drop and the surrounding gases be known at
all times.

DROP-SIZE DISTRIBUTIONS

X number of mathematical expressions of size

distribution have been proposed and used for

liquid sprays. No criterion has been established

for choosing the preferred distribution function.

For convenience, therefore, the lognrithmico-

normal distrihution function was used in this

investigation, and the mathenl-ttieal expressions
for this distribution as given in reference 17 are

presented herein.
The distribution of number of drops as a

function of size is defined by

{ [":<)l:LL J
,lr rs J

(7t)

--_k__--Geometrlc standard ..
7 _1!!I -.Z.Z.Z.Z.Z.Z._L___deviation, o"G _

II ., : ; i I;;l: ' ItH,'Y_ ,_.du i at,!,t,

= _:i_l!lhil !/ _II !\:tl\/ VIII

_LI.LtZU ._5_LLIILL _ i.2 t = a L-J_ _ '

: [_ Illil [ : ' P/ i ! ' "_o "_'ll!!' ,!ll!]Jl: :ill;If ,If'ill \ I j
-_-_ U22:Ct._ F_:: . :__-G_ ' 2 _i 2 Z 112 ___

_IA ! L _ L: ' ___L] L,i.l _--

:: 7:LG_,T+ _. _ .' :' 1_12-._' t : , I I i [ii; I ;

"t10-7 10-6 i0 -5 i0 -4 i0 -3 10 -2

Drop rodius, _, in.

FICL'RE 6.--Drop-size distribution. Mass-median drop

radius, 0.003 inch (75 microns).

70xt 0 3 __ ___PPr, 1JIl q-tf-H-
bOl--[--[7 $tandord -I-_TF, :_-Y_-_ F I--'F

_ deviation,%_X[ F-i-i-1--1--1--

< 5o T-FVFi - _L_

4o _L

0 .COl .002 ,003 .004 .(X7_

Drop radius, _, in.

FIGrr,xz 7._Drop-mass distribution. .'Mass-median drop
radius, 0.003 inch (75 microns).
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O.

o
C3

FIc, rRE 8.--Accumulated drop-mass distribution.

median drop radius, 0.003 inch (75 microns}.

[r log (rs/r_)l2l/2rl/2.

standard .._I [ I _ [ i l '/ [ Y_ _ 1 i

.oo6_q=- -4--_ ; -_---
004 ' ,!. . I

ooo6_q__C_L.'".,__7_. _ "_L__-___ ' ' i _

ooosi__!l_'t'J_L/_LE._LLI I I HI _ l! l] I
• .OI .1 t 2 IO 20 60 80 90 98 99.8 99.99

Percent tOtdl mass in drops smaller than rS,,_..

.Mass-

olor r-/-

peek /
.oo4_-

.°°_I-

l002

"0OI ! //_ _ Theoretical (eq.(72))

---- Used in calculations

4-d _ , L.._± I _
-'T--?loao 40 _o _o9o95 99 99.9

% Mass in drops smcller than _,,-..,_

F[qi:RE 9.--Drop size-nass distribution for geometric

standard deviation of 2.3.
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while the disl0ribution or" mass of drops

function of size is described by

f /' 2 t

t / -5"_/./
-:,. k 1,, j

as a

(72)

Curves for these distributions for various geo-

metric standard deviations _,_ and for a constant

mass-median drop radius rm of 0.003 inch (75

microns) are sho_m in figures 6 and 7. The
accumulated mass-distribution plot of figure 8

indicates the variation obtained with the selected

values of the standard deviation. A standard

deviation or 2.3 represents a spray in which 68.23

percent of the mass is contained in drops ranging
in radius between rs=r,_/zz=32.6 microns and

rs= ¢_.r,, = t 72.5 microns.

Because of tile difficulty or" calculating drop

histories for a complete distribution of drop sizes,

five different groups of drop sizes were arbitrarily

selected to represent the spray for calculation

purposes. These sizes were chosen front the

log-probability distribution (fig. 8) as those radii

for which _ (the percent mass in drops smaller

than the given radius) is equal to 10, 30, 50, 70,

and 90 percent. The number of drops in each

group was then chosen so that each _oup had
20 percent of the total mass. Plots or the dis-

tribution obtained by this method and from

equation (72) are shown in figure 9 for a geometric
standard deviation Ca of 2.3.

CALCULATION PROCEDURE

METHOD

The procedure used in calculating the droplet

histories is illustrated by the flow diagram of

figure 10. The calculation is broken up into small

equal increments of chamber length. For the

iteration procedure it is necessary to assume
values for the changes in drop velocity, tempera-

ture, radius, and gas velocity that occur in each
increment. For the fit'st step in the calculation

these changes were arbitrarily assumed by the

machine operator. For other steps the machine
used the calculated changes of the previous step

as the assumed value. Using the assumed value,

the actual changes were calculated and compared

with the assumed changes. If calculated and
assumed values were Within _-t0 percent of each

543235--60_3

1,'1

IO

other, the calculate,] values were assumed to be
correct. X limit lower than t0 percent did not

appear justified in view of accuracy in the proper-
ties or theory. _[oreover, a h)wer limit produced

tz negligible change in the c-flculated results. If the
assumed an, l calculated wflues were outside

the 4-10-percent limit, the value that was eah.'u-
lated was used as a new assumed value and the

calculation was repeated.

FLOW DIAGRA?_[

Step 1.--Load into the machine the following

boundary conditions: Final gas velodty u_, in-
itial size of each drop r,.o, nmnber of drops in

each size n_, in[tiM tenlperature of each drop

T,.o._, initial velocity of each drop z',.o, and

initial gas velocity !/o (which is zero). Also load
into the machine assumed values for Ars,.._,

.XT:._,_, _e_._, and Auv for the fit'st step and _ile

size of the increment of length for calculation Am.

Step 2.--I,oad all the constants required to

calculate physical properties for the propellant

being ealmflated. These appear in the equations

given in the appendix.
Step &--Calculate the original mass of each

drop size m_,o and the total mass:

m,.o=_..__, n,m,,o (73)
i

where

m,,,o=p,(4/a),_(r,,o) _ (74)

The operations in steps 4 to 13 will be for a

particular drop i between positions z and z+Ax.

Step 4.--Calculate the following physical prop-
erties for the interval Ax with equations (65) to

(70): m, X, %,,, %.=, % .... .M,,,, _,,,,, and /c,_, at

the mean temperatures determined by

T,.,= T,.,+{ AT,. q (75)

7r,=T'._ T. (76)

Step 5,_Calculate mean conditions:

r _ (77)rs,_-_ s,x@ g Ars,¢

v,= v_+ ½a,v_ (78)

u,----.,.t:_,-+-½ .&u, (79)

Step &--Calculate the time At for _he drop to
travel the increment Ax:
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(so)

Step 7,--Calculate change in drop velocity
2`v_,. by the equation

..r'o,: p,,,. O_..--v6"- 2`t-XVcat=-- _- (sl)
Pl l'S. z

where

(" --grl'Re'_ -o.s4 (82)- D,I----, k,_/Z

(aea:= (S3)
/,Lm_

I1 3Vq !
Step &--Compare 2`r_ with 2`vv If i --k_'_=----_i

_O.1, use the value just calculated ...xv_ as the
new ±c,z and repeat steps 5 to 8.

Step 9.--Calculate vaporization rat(,:

D Jg,, A s ./Vu.,p,,a-- 2;rD.M,,r s .
w:=R"f2rs.. R_ ' .\%,p_o, (84)

where

N,._,_=2+O.6(Sc)_/a( Re)__2 (85)

( t_' x J'L,'n..r

oc,,=.-.-- (S6)
' /)P,nx

a= p' In P' (87)
P_.s P,--P,_

Step 10.--Calculate change in drop temperature:

1
,.XTI.,_,=7_-_. _ (q,,,--w,X)at

3
4_'ras.,mc_. _ (_' ,--'w ,X).Xt

where

(SS)

Ask.=Nu_ (T_-- T_,,)Z

=2r&,,_Nu,,,rs,,(T_--T,,,)Z (89)
and

- Nu_.,=2+0.6 (Pr)_n(Re)Y _ (90)

(Pr_ --%" _gmz
,,z-- kmx (9t)

Z_ z
e'- 1 (2o)

_lJCp, a

z ="2_r'-.=rs_'u _,a". _ .. (92)

Step 16.--Compare ',u_,with2`uq. I;]1--_

>0.1, use the value just calculated 2,u_, as the
new .X% and repeat steps 4 to 16.

Step 17.--Calculate the following for all drops:

v_+_=v_+_v_,, (98)

T,,,+,_,= r,,.+.ar,, _ (99)

x_+a,= x_+ 5x (100)

Step lb.--Prepare for calculations in the next

increment by setting values for beginning of next
increment equal to those at the end of las_
increment:

x_+az becomes x:

T_, _,_+a_becomes T_, _.,

rs,,.:+a_ becomes rs.,._

v_,x+_,xbecomes c_,a

rat,z+a_ becomes m.t,z

u,+_, becomes u_

Ill
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Step 19.--Read out answers for z_, u_, Y',n_m_.:/

m o and for each drop T_..., rs,_, r_, and mdm_.

Step 20.--Perform calculations for the next

increment in position by repeating steps 4 to 20.

herein may also suggest to the reader new problem

al'e,'ts.

HISTORIES OF SINGLE DROPS OF HEPTANE IN A

CYLINDRICAL CHAMBER

TYPICAL RESULTS

With the equations and tectmiques presented in

the previous section, it is possible to calculate the

histories of individual droplets and sprays for any

comtmstion-chamber configuration, operating con-

dition, or propelhmt combination. Naturally,

this requires considerable time and effort. In

addition, it is impossible to perform the calcula-

tions now for all ,om:litions that might be desired in

the future. Therefore, a few examples have been

selected from the numerous caleulations (as listed

in table I) made to ,late to illustrate M_at the

various histories look like and tt_e effect on _hese

histories of changes in configurations, operating

conditions, or propellants. This section shows

what happens in the vaporization process and the

effect of certain changes. The results presented

This section illustrates the histories of single

*t-heptane drops when all the drops initially have

the same size. The histories therefore are the

same for all drops. This is a highly idealized

situation, since most injectors produce sprays that

have a wide range in the drop size.

The liquid-droplet temperature T_ is shown in

figure 11(a) as a function of the axial distance

travelled. The calculated temperature rises

rapidly to 845 ° R (corresponding to a vapor pres-

sure of approximately 133 lb/sq in.), which is the

wet-bulb temperature (q0=wX in eq. (30)) h)r

heptane at the conditions specified. The temp,,r-

ature of 845 ° R agrees with the measured wall

temperatures of internal-film coolants• If the

correction factor for unidirectional diffusion a and

the effect of mass transfer on heat transfer Z in

TABLE I.--RANCE OF CONDITIONS USED FOg CALCULATIONS IN CYLINDRICAL CHAMBER.

Initial drop temperature, Tz,o, oI_

Heptane

Ammo-

nia Fluorine

median
drop

radius,

microns

Hydra-
zine Oxygen

500 • 140

700 220

Geometric
standard

deviation,
o"o

Initial drop
velocity,

|!oy

in.,'se C

Final gas
velocity,

in..fsee

Chamber
total

Wessure,
P,

lb:'sq in.

400 300 ..... 75 2.3 1,200 9,600 300

500 _ 400 - 140 25 2. 3 1,200 9, 600 300

9,600• 75 1,200 300

2,400

1.0

1.54 1,200 9, 600 300

2. 3 600 9, 600 300

300

• 9,600

19,200

" 1,200

i

2,400 9, 600

1,200 9,600a. _ i

150

a00

600

' aO0

i 300
i

i :100

225 2. 3 _ 1,200 9, _]00 a00
t I

700 500 220 75 ; 2. 3 ' t, 200 i_ 9, 600 300
[

Conditions used for calculations presented in fig. 14.
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Cylindrical-combustor length, Z¢, in.

(a) ._[ass vaporized, drop radius, and Iiquid-droplet. temperature.

(b) Vaporization rate and liquid-drop and gas velocities.

F[_,r'aE ll.--Typical droplet histories. Initial mass-median drop radius, 0.003 inch (]'5 microns); iaitial drop velodty,

1200 inches per second; chamber pressure, 300 pounds per square inch absolute; chamber contraction ratio, 3.15;
initial drop temperature, 300 ° R; chamber gm_ _emperature, 5000 ° R.

:1|I
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equations (12) and (24) were omitted in tile cal-

culations, the temperature would be higher
(usually taken as the temp. for a vapor pressure of

300 lb/sq in.). It should be note([ _hat approxi-
mately 2 inches were required to attain the wet-
bulb temperature. In comparison, approxinmtely
8 inches are required to vaporize 99 percent of the
drop. Hence, for 2.5 percent of the distance, this
drop was being heated. This point is brought

forth to illustrate the :dgnificanee of assuming that
the droplet is initially at the wet-bulb condition to
simplify the theoretical calculations.

The percent-mass-vaporized curve (fig. ll(a))
initially has a very small slope because of the low
liquid temperature of the drop. As the drop heats,
the slope of the percent-mass-vaporized curve
increases. At the end of the drop lifetime, the
sh)pe again decreases because of the decrease in
drop surface area and because the drop is accel,'_r-

ating, thereby decreasing the st.a3 time in a given
increment of length. The dashed line indicates
what the mass history wouht look like if the drop
were assnmed initially to be at the wet-bulb tem-
perature. The dashed line intercepts _he x-axis
at 1.1 inches, indicating that, on a mass com-
parison basis, approximately 14 percent of the
eombustor length required to vaporize 99 percent
of the drop had to be added for heating the drop.

The liquid-droplet radius is also shown in fig'ure
l l(a). Initially the radius increases because of
thermal expansion. After the wet-bulb tempera-
ture is reached, the radius curve is proportional to
the cube root of 100 minus the percent vaporized.
Determining the exponents of the radius curve for

r" _ _" (101)8,Z_7*S,O--_._q b

indicated that the exponent n was 1.7_7in contrast
to the value of 2.0 determined in reference 18 for

burning drops in stagmant air.
Gas velocity is plotted as a funet!.on of axial

distance in figure l l(b). Since gas} velocity is

proportional to mass vaporized (see eq. (44)),
the gas-velocity curve is the same as the
mass-vaporized curve and exhibits the same
characteristics.

The drop velocity (fig. 11(b)) first decreases
because of the drag produced by the low gas
velocity, k minimum is reached when the gas
velocity equals t2_e drop velocity. After the
minimum point Che _lrop velocity increases

because of the drag produced by the high gas
velocity. There are two significant points of
interest in the velocity curves: First, the drop
velocity is generally considerably lower than the
gas velocity; therefore, simplifying the analysis by
assuming that the velocities are equal (as in
ref. 19) or a constant ratio (ref. 20) will introduce
some errors and will We different results as to the

effect of gas velocity and injection velocity on
vaporization. The second point of interest is
that the velocity difference of 4500 inches per
second at 4 inches represents a Weber number

We of 150. Under steady-state conditions and
long exposure time, drops would shatter at We> 10.
At this time insufficient information is available on

drop shattering under transient conditions to
determine whether this will occur.

The curve showing the vaporization rate per

length of chamber has two peak points and a
minimum point (fig. t t (b)). The mininmm point
occurs when the gas velocity and drop velocity
are equal, producing a Reynolds number of zero

and a low vaporization rate, as given by equation
(12). The vaporization rate is initially low
because the vapor pressure (at the low initial
temp.) is small, restflting in a low driving force
for mass transfer (see eq. (12)). At the end of
the chamber, the rate is also low, mainly because
of the small surface area of the drop.

HISTORIES OF a HEPTANE SPRAY IN a CYLINDRICAL

CHAMBER

This section shows the histories of various

individual drops of a heptane spray vaporizing in
the cylindrical portion of the combustion chamber.

The spray was characterized by having a mass-
median drop radius of 0.003 inch (75 miei:ons) and
a standard deviation of .'2.3 (see eq. (72)). For

this spray distribution, the drop sizes and the
relative number of drops in each size are as follows:

rs,1

r,.q ,2

rs .7,

r_.4

r8,5

Drop size,
r,q, o_

microns

25
50
75

120
22.5

Number of
drops

I322
207

84
, 13

2

Total ............... 1608



18

850

TECHNICAL REPORT 12.-67--NATIONA.L A`ERONAUTICS AND SPA,CE A,DMINISTRATION

750

& 700
E

- 65(2

r_
O

,3 602
i

"10

8.-55c
J

1nii'ial drop ]

size, 'S,o' microns ]

;2s !
  2'o--5o i

" _'.3 o =75

- - r - - I ..... 7 ,---F t 1
i

t I , I , /_,4,o 7- f i i ; if,'+,:-, '- t
It / / i  .5.;225 r /

I/ /_ I ! ! _ i
f-t---� i- _ ; -i i

," /< I ! t ! i
I; ! ] ! i !

j I i ' i (o)t J l , , I
4.55 i.0 I.# 2.0 2.5 30 5.5 4.0

Cylindrical- combustor length, .7c, in

(a) Temperatures of individual drops.

The liquid-dropleL temperatures are shown as _z

function of the axial distance in figure t2(a). The

droplets all attain the same wet-bulb temperatm'e

as shown in the previous section for the single

dropleL (This temperature will va_- with the

chamber presDure; i.e., decreasing with lower

pressures.) The distance and dine required to

attain the wet-bulb temperature increase with

drop size. All the drops use approximately 20

percent of the distance required to vaporize 99"

percent of the drops to reach within l ° R of the

wet-bulb temperature.

The percent, mass vaporized for the individual

drops and for the total mass of the spray is shown

in figure 12(b). Each drop would follow paths

and characteristics similar to those shown in

figure li(a) for singte drops when plotted on

linear seMes. Because of the large variation in

length to vaporize the various-_ized drops, a log

scale for length is used in figure 12(b). To

achieve better resolution in both the high and low

95

9o

8o

[ [ ] i i i

Individual drops
I .... Total mass of spr(ly
l

l rs,o,microns

I
o=2

/

I

6 0 t0

(b) Mass vaporized of individual drops and _:otal mass of spray.

FmURE t2._Typical droplet histories for spray-s. Initial mass-median drop radius, 0.003 inch (75 microns); geometric
standard deviation of spray, 2.3; initial drop velocity, 1200 inches per second; chamber pressure, 300 pounds per

square inch absolute; chamber contraction ratio, 3.15; initial drop temperuture, 500 ° R; chamber g._s temperature,

5000 ° R. "
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_--v i [ _ iI 0,000 _ " r- _ --_
o In t m drop _ _H-'_-T- _ _r_' 4:120

_..S _. s,oj .... I , ;I /, :

_ r°'O00_ microns2rZ-:_¢ &o =75 "ff--;-_"_-- i---I-,--1

[ s 5,o'.=L_.'.'a
_ "_ r- ........ iF ' I "

og2pO0__, ---. , , ;-_ ,- ....

_ _ e,',°., I t i I I I I I i [.(.c.),
0 2 4 6 8 I0 12 14 16 18

Cylindrical-combustor length, Zc, in.

(e) Drop velocities and gas velocity.

FK;VRE 12.--Concluded. Typical drople_ histories for sprays.

1.04.96.08.] 2 .4 .6 .8 t 2 4

Cylindrical- combustor length, Zc, in.

(d) Vaporization rate.

(d)

6 810

Initial mass-median drop radius, 0.003 inch (75 microns) ;

geometric standard deviation of spray, 2.3; initi-d drop velociSy, 1200 inches per second; chamber pressure, 300 pounds

per square inch absolute; chamber contraction ratio, 3.15 initial drop temper_ture, 500 ° R; chamber gas temperature,
5000 ° P_.

percent mass vaporized, a probability scale was
used for this parameter. The small drops (25-
micron rad.) vaporize 09 percent of the mass in

}_ of the distance required for the large drops
(225-micron tad.). The total-mass curve is not

as steep as any of the individual curves and
crosses the curves of the three intermediate drop-
size groups. The total-mass curve initially fol-

lows an imlividual drop size of approximately 35
microns, whereas at the high-percent-vaporized
region it is close to u drop size of 120 microns
because the two drops in the 225-micron drop-size
group are only partially vaporized. Thus, only

two drops out of a total of 1608 drops are limiting
the total mass vaporized. This then indicates the
importance of a few large drops in limiting the
performance of an engine and the desirability of
eliminating these drops if possible.

The gas and individual drop velocities are
shown in figure 12(c). Initially the gas velocity
increases rapidly; and, after 1 inch of chamber
length, the slope begins to decrease because the
small drops are substantially vaporized and the

surface area of the larger drops is decreasing.
The droplet velocities exhibit the same charac-

teristics as described in the previous section;
however, the small drops attain a higher velocity
much faster than the larger drops. This drop-
velocity difference produces a mixing effect
between drops to support the assumption of good
mixing. At the same time it also increases ti_e
possibility o_ drop collisions and coalescence
between different-sized drops. The importance

of this phenomenon cannot be evaluated at this
time and suggests another fruitful field of
investigation.

The velocity curves for the various drops show
that the relation between drop velocity and gas

velocity varies with the size of d_e drops. Small
drops follow the gas-velocity curve, while the
large drops in a spray remain ahnost at the
injection velocity. The Weber number We for
the various drops in a spray varies considerably.
The small drops attained a Weber number of
only 2, while the large drops reach a value around
1000. This further emphasizes the problem of

drop shattering, since the large drops are undesir-
able and appear to be the most likely to shatter.

The total-vaporization-rate curve (fig. 12(d))
for a spray is similar to that for the single drop
(fig. ll(b)), the minimum point occurring when
the gas velocity reaches the drop velocity, which
is approx-imately the injection velocity of the
drops. The maxinmm vaporization rates for the
particular conditions in figure 12(d) are 38 and 32
percent per inch and occur at 0.2 and 0.7 inch.

Since 90 percent of the total mass is vaporized in

10 inches, a long chamber would be required to

attain complete vaporization even with a high

vaporization rate close to the injector.

_ISTOR[ES OF HEPTANE SPRAYS IN A COMBUSTOR WITH A

CONVERGENT NOZZLE

This section shows the histories of the three

largest drop-size groups of a heptane spray
vaporizing in a combustor consisting of a 10-inch
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cylindricalchamber and an 8-inch-longeonvergen
conicalnozzle.The contraction ratio (ratio of

the cross-sectional area of the cylinder to _rea of

the throat) was 3.[5. This is believed to repre-
sent a typical rocket-engine eombustor, although
extreme variation from tile condition exists.

Only the three largest drop-size groups are in-
chided, since the smaller drops vaporize in the

cylindrical portion of the chamber and therefore
their histories are identical to those presented in

the previous section. The only additional infer
mation in this section illustrates wha_ happens
when the convergent nozzle is added to the
combustion chamber.

The liquid-droplet-temperature histories (fig.
13) in the eylindrical chamber are identical to those
presented in the previous section. In the nozzle
portion of the chamber, the drople_ temperatures
decrease because of the decrease in static pressure
and the increase in gas velocity. The rate at
which the droplet temperature decreases is a

function of the drop size. The smaller the drops,
the faster they decrease in temperature as t.he
drops pass through the nozzle.

The percent-mass-vaporized histories (fig. 13)
of the individuM drops and the total mass in the
spray are almost the same for the cylinder and
nozzle chamber as for the all-cylindrical chamber.
The dash-dot line for the largest drop (rs.5. o=-225
microns) shows the mass history of this same drop

in the all-cylindrieaI chamber. Initially (between
10 and 15 in.), slightly more nlass is vaporized in
the all-cylindrical chamber, because the drop
temperature is higher, resulting in a higher vapor
pressure and driving force for mass transfer.
After 15 inches, more mass is vaporized in the
chamber with a nozzle, because the velocity
difference is much greater.

The gas and individual drop vdoeities are also
shown in figure 13. In the cylinder, the velocities
are the same as in the previous section. In the

nozzle, the gas velocity increases rapidly, since
the speed of sound (46,200 in./see) must be
attained at the nozzle throat. Because of tile

high gas velocity, the drops accelerate and in-
crease in velocigy. Naturally, the acceleration is
greatest for the smaller drops, and hence they
reach higher velocities. The velocity difference

between the gas and droplets is much higher in
the nozzle, therefm'e increasing the Weber number

and the possibility of drop shattering. For the

[_ I t I 1 i I , r I ! i I ]
Initial drop size, r_o,micronsH

-L: ¢.1-4--,
e o. -"' _,,Lqq_.

5oo  -tz s,L  _LLL.L

54-,

r-1

7t
24,Q00

g 20,000

":d
>:.- 16P00

._ _2_oo
$_o

_ 4,000
_3

_'g-

-- .... ,, iT-,
.. LTo 46,200

_-rS" 3 o =ra [ at 18in.

p]7 
_rS 5 "225_

L L/L_L
i97%.Vapor-2ifl l I

0 2 4 6 8 I0 12 14 16 18
Tolol combustor length, 4, in.

F[cve_. ]3.--Typical droplet histories in eomEustor with

nozzle. Initial mass-median drop radius, 0.003 inch

(75 microns); geometric standard deviation of spray,

2.3; initial drop velocity, 1200 inches per second;

chamber pressure, 300 pounds per square inch absolute;

chamber contraction ratio, 3.15; initial drop tempera-

ture, 500 ° R; cylindrical-ehamPer length, 10 inches;

nozzle length, 8 inches; nozzle shape, conical; chamber

gns temperature, 5000 ° R.

225-micron drop, the Weber number at the
throat is 1S,000, which should shatter the drops.

This again exemplifies the need for information
on drop shattering in steady-flow processes and
in accelerating flows that are encountered in a
nozzle.

HISTORIES OF VARIOUS PROPELLANT SPRAYS IN A

CYLINDRICAL CHAMBER

Previous sections have shown various histories

of heptane drops. Changing the propellan_ will
alter these histories. Therefore, this section is

-1 |1
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included to illustrate how the propellants in-
fluence the drop histories. The heptane curves
are the same as presented previously, to facilitate
comparisons. For the other propellants all oper-
ating and desig'a parameters are the same except
initial propellanb temperature, which was selected
on the basis of typical conditions encountered in
rocket, engines. Heptane and hydrazine were

taken at room temperature, ammonia at its normal
boiling point, and fluorine and oxygen at the
normal boiling point of liquid nitrogen. The
effect of selecting other temperatures is indicated

in the section entitled "Effects of Operating and
Design Parameters on Mass Histories." For
brevity, only the historie_ of the small drops (25

microns), median drops (75 microns), and large
drops (225 microns) in the spray are presented for

each propellant.

The calculated temperatures (fig. I4(a)) all rise
to a wet-bulb temperature. The wet-bulb tem-

perature and corresponding vapor pressure are

tabulated in the following table for the various

propellants. Also tabulated is the _verage ratio

of the distance required to reach within 1° R of
the wet-bulb temperature to the distance required

to vaporize 99 percent of the drop:

Propellant

Wet-
bulb

temp.,
°R

IIeptane ...... I 845

Hvdrazine .... i 859
Ammonia ..... i 554
Oxygen ...... 234

Fhlorine ...... 220

Vapor
pressure
at wet
bulb,

lb/sq in.

133
165
205
275
255

Length to wet bulb

Length to vaporize

The percent mass vaporized of the individual
drops and of the total mass of the spray is shown

in figures 14(b) and (c). The listing of the pro-
pellants in order of increasing time to vup_wize
90 percent, of the mass is (1) oxygen and fluorine,
(2) heptane, (3) ammonia, and (4) hydrazine.
The shapes of all the curves are similar x_Jth the
exception of t.he eurves for heptanc, which cross
the ammonia curves.

900 _,1,o = 25mi'crons i r5,.3,o _75'mic_°ns
, ..._ _ ' , _ ._

,oo !S ---_- I_/

6oc

_/ ....... _...
_500 t ......

/
/

0
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I0(3

- o  ;2a
;_ Hidrazinel t

1___
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7 L_
t l

I I
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/
I I I..... I I _ lIo,
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(a) Droplet temperature histories.

Ftc.v'as i4.--Typical dropler histories for various propellants (see table I for conditions).
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The curves of total vaporization rate per unit
length (fig. 14(d)) are similar to those presented
previously. For each propellant there are two

peal< points and a minimum. The highest peak
vaporization rate is obtained with fluorine.

Second highest peak is with oxygen, tlfird with
amnmnia, fourth with heptane, and tile lowest
with hydrazine. The peal< values occur at

different positions in the chamber with the various

propellants. The peak occurs closest to the

injector face with oxygen and fluorine. The peak

is the farthest from the injector with heptane
and hydrazine. Ammonia falls between the two
extremes.

.6 .8 I 2 4 6 8 I0 20 40

Cyiindrical-combustor length, _¢, in.

(c) ToLd mass history for sprays.

Gas- and droplet-velocity histories

80

(figs. 14(e)
and (f)) for the various propellants all exhibit
the same characteristics. A considerable velochy
difference between the gas and drops exists for
all propellants. For all propellants the maximum

Weber number for the large drops is around 1000.

EFFECTS OF OPERATING AND DESIGN PARAMETERS ON MASS

HISTORIES

In order to illustratethe effectof changing

the conditionsfrom those used in the preceding

sections,mass historiesof the median drop size

(r,_or rs,3,o),totalmass vaporized,and vaporiza-
tion rates are presented for severalexcursions

from the conditionspresented previously for

_0 / I ' _ '_-LI._L ' '--' 'l_. _ I T I I I I I I

. ,!i '4 . [I ,ol / ,
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'*r_,_,_:_--1 .....Heptane-F_',_
;_ __,r-q-'a----_ ..... ,_mmomo ---- c"_

> i/-q i ;;!llVIlt , -L
,r/I  /illiil i I !lltl]l ! I t 'N
.0t 02 0406 .I .a .4 .6 I 2 4 6 I0

Cyiindricol-combustor length, Z¢, in.

(d) Total vaporization rate_.

F [oC'RF_ 14.--Continued.
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° r, -! Vi i I--i-_, i-F, F I I<_)
0 4 8 12 16 20 24 28 32 36

Cylindricol-combustor length, z in.

(e) Gas-velocity histories.

Typical droplet histories for various propellants (see table I for conditions).
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F[GCRi_ 14.--Conchlded. Typical drople_ histories for various propellants (see table I for conditions).
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heptanc sprays. Since the variations in histories

are quite large for some of the parameter changes,

the histories are presented on _ log plot o[ length
for convenience. The various conditions for which

calculations were p(,rformed are Wen in table I.

The largest effect caused by any parameter
change was obtained with a variation in mass-

median drop size r,_. The effect of changing tlle

initial m,_ss-median drop size fl'om 0.00f to

O.O09-inch ('95- to 225-micron) radius is shown in

fig'ure 15. .ks expected, tile curves indicate dmt

flic smaller drops vaporize in a shorter distance.

The mass-vaporized and vaporization-rate curves

have about the same shape for all sizes. The

results show that the h:ngth required to vaporize

a Wen fraction of the total mass of the spray
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Fmva_ 15.--Effect of mass-median drop size on heptane spray histoNem Geometric standard deviation of spray, 2.3;

initial drop velocity, I200 inches per second; chamber pressure, 300 pounds per square inch absolute; chamber

contraction ratio, 3.15; initial drop temperature, 500 ° R; chamber gas temperature. 5000 ° R.
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is proportionaI to the 1.45 power of the mass-

median drop size. The ma.rimum vaporization

rate is inversely proportional to the 1.45 power
of the mass-median drop size.

The effect of a change in the geonietrie standard

deviation (change in disu'ibution of drop sizes)

99

98

95

9O

lil

I

, I

.6 .8 t 2 4 6 8 iO

Cylindrical - combustor length, Z¢, in.

(a) M&ss hi_tory of median drop.

is shown in figure 16. The effect of ,,han_rig the

standard deviation on the median-drop-size history

is rather negligible, as shown in figure 16(a).

Since t.hese curves are for the same drop size,

one would not expec_ much variation. The

occurrence of some variation is due to t,he change
in gas velocity, which is proportional to the curve

of total mass vaporized. Figures 16(b) and (c)

show that, in the low precent-mass-vaporized

region, the percent of t.he spray vaporized and

the vaporization rate near the injector increase

because of the large number of small drops in
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a distribution with a large deviation, as shown

in figures 6 and 7. Tile curves for the various
deviations all cross in _he 50- to 60-percent-mass-

vaporized re,on. In the high percent-mass-

I0

27

vaporized region, the spray w-ith a larger standard

deviation requires a longez chamber to vaporize

a given percentage of the mass, since it requires
more time and distance to x'aporize the larger

drops, as explained prex_ously. A spray with
a deviation of 3.6 requires a chamber eight times

as long as one with a deviation of 1.0 (single drop

size) to vaporize 99 percent of _lle fuel.

Changes produced by varying the intitial drop

velocity are show-n in figure t7. The slopes of the

total and individual-drop mass-vaporized curves

vary somewhat with initial veIocity, but to a
reasonable degree of accuracy remain the same

with initial velocity. The length required to

vaporize a given percentage of total mass of the

spray is proportional to the 0.75 power of initial

velocity. If entrainment of drops in the gas or a
constant ratio between drop and gas velocity had

been assumed, there wo,dd be no effect on the

mass-vaporized curves of a change in initial drop

velocity. The rate curve shows that the maximum
vaporization rate is obtained with a low initial

velocity. The vaporization-rate curves also show
that the minimum point, which occurs when the

'/ i11i

-- -+-- .... i _

' 'i

 i!i ,I I

t.I .2 .4 .6 .8 t 2 4 6 8 t0 20 40 6'0

Cylindric_l-combustor length, Z¢, in.

(b) Total mass history.

FmvaE 17.--Effect of initial drop velocity on heptane spray histories. Initial mass-median drop radius, 0.003 inch

('/'5 microns); geometric standard deviation of spray, 2..3; chamber pressure, 300 pounds per square inch absolute;

chamber contraction ratJo, 3.15; initial clrop temperut.ure, 500 ° P_; chamber gas temperature, 5000 ° II..
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i

f

.04 .06 ,08 .t .2 .4 .6 .8 1 2 4 6 8 10
Cylindricai-combustor length, Zc, in.

(c) Vaporization rate.

FrC,_:RE 17.--Concluded. Effect of initial drop velocity on heptane spray histories. Initial mass-median drop radius,

0.00,3 inch (75 microns); geometric standard deviation of spray, 2.3; chamber pressure, .300 pounds per square inch

absolute; chamber contraction ratio, 3.15; initial drop temperature, 500 ° R; chamber gas temperature, 5000 ° R.

droplet velocity is the same as the gas velodty_
varied with initial velocity. The vaporization-
rate curves or percent-mass-vaporized curves show

that the higher the initial velocity, the more mass
that is vaporized before the minimum point is
reached.

Variations obtained by changes in the chamber
pressure are shown in figure 18. The higher the
chamber pressure, the higher the vaporization
rate and amount vaporized in a given length.
The length of chamber required to attain a given

high percentage of mass vaporized is inversely
proportional to the 0.66 power of chamber pres-
sure. Tills effect of chamber pressure would not

occur in an analysis which assumed that the
vaporization process followed equation (101),
since there is no pressure dependence in it. The

pressure dependence is introduced in the theory
via the drop equation (33) and the vaporization
equation (8) through the pressure term p,--p,..s
and density p,_=.

Contraction ratio is the ratio of the cylindrical-
chamber cross-sectional area to the nozzle throat

area. Small contraction ratios yield high gas
velocities, while large contraction ratios yield
low gas velocities. Changes produced in droplet
histories by variation in the contraction ratio of

the combustor are shown in figure 19. The slopes
of the total and individual-drop mass-vaporized
curves (figs. 19(a) and (b)) vary somewhat'with
contraction ratio, but, like the effect of initial

velocity, remain constant to a reasonable deg'ree
of accuracy. In the short lengths the slopes are
different, which produces a crossover point in the
curves. The curves show that the smaller the

contraction ratio, the greater the amount of
propellant vaporized in a tong chamber. For very
large contraction ratios where the gas velocity is
always lower _han the iniection velocity, the trend
of figure I9 will reverse as residence time becomes

the phenomenon governing the conversion rate.
This reversal should occur at a contraction ratio

1:| I
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F[_¢'_. lB.--Effect of chamber pressure on heptane spray

histories. Initial mass-median drop radius, 0.003 inch

(75 microns); geometric standard deviation of _pr;w,

2.3; initial drop velocity, t200 inches per second;

chamber contraction ratio, 3.15; initial drop temper-

ature, 500 ° R; chamber gas temperature, 5000 ° R.
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F_cva_. 19.--Effect of chamber contraction ratio on

heptane spray histories. Initial mass-median drop

radius, 0.003 inch (75 microns); geometric standard

deviation of spray, 2.3; initial drop velocity, 1200

inches per second; chamber pressure, 300 pounds per
square inch absolute; initial drop temperature, 500 ° R;

chamber gas temperature, 5000 ° R.
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FIGURE 20.--Effect of initial drop _emperature on heptane

spray histories. Initial mass-median drop radius, 0.003

inch (75 microns); geometric standard deviation of

spray, 2.3; initial drop velocity, 1200 inches per second;

chamber pressure, 300 pounds per square inch absolute;

chamber contraction ratio, 3.15; chamber gas temper-

ature, 5000 ° R.

of about 20.

The effect of increased vaporization with de-
creasing contraction ratio shown in the present
analysis is opposite to tha_ predicted for a stirred
reactor or vaporization calculations as de_ermined
in references 19 and 20. In references L9 and 20

the drop velocity is directly proportional to tim

gas velocity, and the vaporization or burning
rate is independent of velocity difference. For a
stirred reactor the amount of material reacted is .

proportional to the stay time of the gases. Since
large contraction ratios provide longer residence
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Fmv_ 21.--Effect of nozzle length on heptanP spray

histories, initial mass-median drop radius, 0.003 inch

(7'5 microns); geometric standard deviation of spray,

2.3; initial drop velocity, 1200 inches per second;

chamber pressure, 300 pounds per square inch absolute;

chamber contraction ratio, 3.15; initial drop temper-

_ture, 500 ° R; nozzle exponent, 1.0; chamber gas temper-

_ture, 5000 ° R; chamber Length, 2.25 inches.
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times of the gases, a large contraction ratio is more

favorable for conversion of gaseous propellants to

products.
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FIGURE 22.--Effect of nozzle exponent on heptane spray
histories. "Initial mass-median drop radius, 0.003 inch
(75 microns); geometric standard deviation of spray,
2.3; initial drop velocity, 1200 inches per second;
chamber pressure, 300 pounds per square inch absolute;
chamber contraction ratio, 3.15; initial drop temper-
ature, 500 ° R; nozzle length, $ inches; chomber gas
temperature, 5000 ° R; chamber length, 2.25 inches.

FiTares 19(a) and (b) show that the length

required to vaporize a given high percentage of

mass, using t.he model present herein, is propel

tional to the 0.44 power of contraction ratio.

Figure 19(c) shows that the minimunl point in dm

vaporization-rate curve varies wit.h contraction

ratio. The higher the contraction ratio, the more

mass vaporized before the minimun_ point is
reached.

Histories for three initial drop temperatures

are shown in figure 20. All the curves show that

a higher initial liquid temperature is moderately

beneficial, as the drop spends less time reaching

the wet-bulb temperature. The biggest effect

is in the very low percent-mass-vaporized region.

This effect of initial temperature would not be

observed in an analysis that neglects the heating

period.

The results of changing the length and shape

of the convergent-nozzle section of a combustor

are illustrated in figures 21 and 22. The cylin-
drical ,'hamher for these calculations was 2¼

inches long and vaporized approximately ;50 per-

cent of the total mass in the cylindrical chamber.

The curves show that the nozzle shape has a small

effect on the vaporization histories of the individual

drops (illustrated by the curves for the median

drop size) and total mass (fig. 21). The largest

amount of mass vaporized is obtained in a given

length with a nozzle having a horn shape (b_--,t_,

see fig. 5), and the lowest with a bell shape (b=2)

(fig. 22). Increasing the length of the nozzle

increases the amount of mass vaporized. The
total-mass-vaporized curves are different for the

different nozzle lengths; however, they all follow

the trends shown for the long cylindrical chamber

(represented by the dashe'd line in fig. 21(b)).

To determine whether the gas temperature used

in the calculations affected the mass histories, cal-

culations were performed for gas temperatures of

4000 °, 5000 °, and 7000 ° R. Except for the time

when the drops were heating, the histories were

almost identical. For this reason, the 5000 ° R gas

temperature used in most of the calculations does

not materially _ffeet the applicability of the results.

The selection of the five drop sizes chosen to

represent, the normal distribution in the calcula-

tions was arbitrary. Therefore, a comparison was
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made by performing [dentieal ealeulations with

five different drop sizes representing the same

distribution. Initial drop sizes in the five groups

used for the comparison are given as ease B in the

following table :

r8.l

r8,2 ,

r8,3

rs ,l

rs,5

Case A Case B

Initial Percent

radius, total
in. mass

0. 00ll)2 20
• 00192 20

! .003 20
! .0048 20

00901 20i

t

Inlt[al Percent

radius, total
in. mass

O. 000676 8
.00147 24
• 003 36
• 00613 24
• 0133 8

There was lit tie difference between the two eases;

therefore, it is felt that the five sizes used in most

of the calculations were representative of an ac-

tual spray. If more _oups had been used to

represent the actual spray, the resuhs wouhl hare

been slightly different; however, this minor differ-

ence wouhl not appear to justify a more eompli-

cat.ed calculation procedure.

EFFECT OF |INCOMPLETE VAPORIZATIOIN ON ENGINE

PERFORMANCE

Equations (51) to (54) relate c* efficieneios to

the percentage of fuel and oxidant vaporized and

burned. This section will illustrate _aphieally

the relation between c* and percentage of pro-

pellant vaporized and burned and the effects of

changes in mixture ratio and propelhmts on t,his
relation.
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FIav-a_. 23.--Variation of theoretical characteristic exhaust velocity with mixture ratio for several propeil'mt combinations

at combustion-chamber pressure of 300 pounds per square inch absolute and equilibrium expansion.
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F_CUaE 24.--Effect of incomplete vaporization on c* and _. (a) Hydrogen and fluorine.
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VAPORIZATION AS DESIGN CRITERION FOR

Relating c* to propelhmt vaporized and burned

by equation (52) requires a knowledge of the vari-

ations in theoretical c* over an extended range of

mixture ratios. These variations for several pro-

pellant combinations are shown in figure 23. The-
oretical values reported in references 21 to 23 were

extrapolated over the region shown. The extrap-

olations were based on the assumptions t-hat (1)

for low percentages of oxidant or fuel, _he com-

bustion temperature varies directly as the percent-

age of fuel or oxidant in the burned mixture, and

(2) c_ is proportional to the square root of the

combustion temperature.

The varitttions in c* efficiency n with percent-

ages of fuel and oxidant vaporized are shown in

figure 24 for the hydrogen-fluorine, hydrogen-

oxygen, ammonia-fluorine, and .lP4-oxygen pro-

petLmt combinations. ?'oralI propellant combina-

tions, a higher c * efficiency is obtained with a given
percentage of fuel vaporized and burned than with

an equal percentage of oxidant. For example,
with halt" the fuel vaporized, rl is between 70 and 90

percent; whereas, with half the oxidant vaporized,

n is about 60 percent. This difference is attribu-

table to several factors, including the shape of the

theoretical c* curve, the fact that peak theoretic_d

c* occurs in the fuel-rich region, and the fact that

the oxidant weight flow accounts for a large part
of the total propellant flow.

Figure 24 may be used to interpret experimental

c* performance in terms of the percent,tge of fuel

or oxidant vaporized if the other propelhmt can

be assumed to be completely vaporized. For ex-

ample, for the ammonia-fluorine propellant com-

bination, ? of 85 percent at an oxidant-fuel ratio

of 3.0 may indicate that only 60 percent of the

ammonia (and all the fluorine) or 80 percent of the

fluorine (and all the ammonia) has vaporized.

The following table presents a similar comparison
for other propellant combinations:

Propellant 77, % O/F

Hydrogen fluorine 8,5 l

- .....Hydrogen--oxygen ..... J $5_ ! :z.
A_nmonia-fluorine ..... 85 3. 0

JPt-oxygen .......... ! 85 ] 2. 5
i i

60 i 80

r0 I 79 ,

ROCKET-ENGINE COMBUSTION CHAMBERS 37

The results may be further interpreted to show

the percentages of propellants that must actually

be burned to obtain a given c* efficiency level.

For example, with hydrogen and fluorine, only

37 percent, of the hydrogen need evaporate and
be completely consumed by the lhmrine in order

to obtain n of 85 percent at an oxidant-fuel weight-
flow ratio of 4.0.

Typical ex'perimcntal variation of _ with

chamber length (data from ref. 24) is shown in

figure 25 for a single-element injector with JP-4

and oxygen. The c* efficiency data are also

evaluated in terms of the percent oxidant vapor-

ized and the percent fuel vaporized, assuming in

each case that the other propellant is completely

vaporized. An explicit evahation of the per-

centage of propellant vaporized cannot be made

if incomplete vaporization of both oxidant and

fuel is assumed; probably neither the oxygen nor

the hydrocarbon vaporized completely in the
experiments report¢,d in reference 24. Each value

of _, however, defines a specific relation between

the percentages of oxidant and fuel vaporized,
since there are several sets of d_ att¢l Ja- values that

give the same _ in equation (52). These relations

are shown in figure 26 for oxygen with JP-4 and

may be applied to the experimental data shown

in figure 2,5.

The shape of the u curve in figure 25 is typical
for most injectors and propelhmt combinations.

It will be used as a hypothetical reference curve

I(X? I I I I I I I I I [
_Experimental _/(ref. 24,.fig.'DI

o_e"80N I 1 I I I I I I I / _'--'_I ;

60 J /,,," /I.'_.,_-t"'FI I _ '-
- --- 7' ;r ---/-,,_'_ "/--_ Oxidant vapori zed

_ 4o _,-,-/'I I I I (olinfuel vaporized)
= , ,"'- I ! I 1 I I _ _

/.! ,'" "" .Fuel vaporized ' ._l.__L_..
_c._. 20 _;,,, ! (all oxidant vaporized) I I I

i --T[[ iFI
0 I 2 3 4 5 6 7 8

Chamber tenglh, in.

ti'm_-]{_ 25.--Evalustion of typical performance data for
percentages of fuel and oxidant vaporized. Propellants,
oxygen and JP-4; oxidant-fuel weight-flow ratio, 2.2.



3_ TECHNICAL REPORT R--67--NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

f I i_,_ t I f i
_4050 leo '.70', 80 _ 901 95 _ootloo K

1 _: \2_ _ '_N_L _-: ! !
so _ \', \_ \ ; x, i i_

X-.---_\j?'<.' i
! l , : I i : '

_L_L_2 ,
0 20 40 60 80 I00

Fuel voporized,_,_', %

Fret-RE 26.--Percentages of vaporized fuel and oxidant

required to maintain a given c* efficiency. Propellants,

JP-4 and oxygen; oxidant-fuel weight-flow ratio, 2.2.

to illustrate the importance of vaporization for
several different propellan_ combinations. The

variations in the percentages of fuel or oxidan_
required to vaporize to obtain this efficiency with
various propelhmts are shown in figure 27 at the
o.,ddant-fuel ratio for peak theoretieal performance.
With oxidant vaporization controlling the reaction,
the c* efficiency is only slightly greater than the

Propel lonts OIF

JPg-oxygen 2.5
---_ Ammonie-fluorine 3.0
.... Hydrogen-fluorine 4.0
..... Hydrogen-oxygen &O

'c°' i ' i ' I°°LLL_i_tI. _L_

uL ,4_L/[ _ !-*_..._"' ! r
[_Ifflia-fluorine _ _ ._I/ ,,_'Yr ._

20_t--_)dr°gen-°xygen u: -_L/_,_ " _-LI t I !Ii

0 2 4 6 8 0 2 4 6 8
Chamber length, in

FIGURE 27.--Comparison of calculated percentages of
propellant vaporized for severaI propellant combina-
tions, using a typical experimental variation of c* with
chamber length.

percentage of oxidant vaporized, regardless of
the propellant combination. With fuel vapor-
ization controlling, however, the results show
that. c* efficiency is significtmtly higher th-m the
percentage of fuel vaporized and tha_ this differ-

ence is greater for hydrogen titan for JP-4 or
ammonia. The validity of these evaluations de-
pends on whether complete vaporization of one
propellant can justifittbIy be assumed. Injector
design features and propellant physical properties
are factors that influence this assuntption.

CORRELATED RESULTS

Results presented in the previous section show

the effect of changing the variables on the vapor-
ization process. This information is helpful when
analyzing experimental results from investigations
where various parameters were changed or in
combustor design when a small change from an

existing combustor is desired. For designing a
new combttstor or for someone new in the rocket

eombustor field, the material previously presented
is of negligible vahte, since it is ,lifficuIt to obtain
the quantitative information needed to start a

eombustor design. Therefore. this section is
included to give the reader the quantitative in-
formation needed to relate eomhustor design to
the vaporization process.

Correlated curves are presented that can be used
for any operating or design conditions to obtain
the quantitative information relating propellant
vaporization to design and operating conditions.
Curves of the fraction of fuel vaporized are

presented for various propellants and spray con-
ditions as a function of the correlation parameter,
effective length:

/_,=(_q n.83 Iv "_.. ,.,4_..,.__S-gV_.s/

(/)/300) °'_

(_-r,o_)°"( _ y.,_( ,,o y.,, (_o_o)
• ' \0.0031 \_1

This parameter was obtained by cross-plotting the
length required to vaporize 90 percent of the total
mass of the spray as a function of the various

design and operating conditions and fitting a curve
to the points. The correlation parameter is
empirical, and the simples_ functional forms are

assumed for convenience. Other functional forms,
determined theoretically or empirically, might
reduce _he spread in the correlated results.
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(a) Heptane sprays.
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Effective length, .Te_,, in

(b) Ammonia sprays.

Fmb'a_, 2$.--Corretated results. Geometric standard deviation of spray, 2.3.

VARIOUS PROPELLANTS

Curves for the mass vaporized as a function

of effective length for heptane, ammonia, hydra-

zinc, oxygen, and fluorine sprays with a distribu-

tion of 2.3 gre shown in figures 28(a) to (e). The

mass vaporized is plotted on a probability scale

to obtain better resolution in the low _nd high

percent-vaporized re_ons. The effective-length
scale is logarithmic.

Correlated results show the same trends as

presented in _he previous section. The combustor

40 60 80100

length required to vaporize a given percentage of

propellant increases with increasing mass-m_(li,_n

drop size r,,, injection velocity re. contraction

ratio _/, and nozzle shape factor S. (Horn shape

is better than a bell shape.) The length decreases

with increasing chamber pressure P and initial

reduced temperattLre Tt, o,R.

The spread in t,he .effective length was _eatest

in the I0- to 20-percent-vaporized re,on. The

variation in the position of the inflection point in
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(c) I-[ydrazii_e sprays.
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(d) Oxygen sprays.

FIc, vas 28.--Continued. Correlated results. Geometric standard deviation of spray, 2.3.

I0 20

the mass-vaporized curve pro(.luced most of tile

spreat{. In the high percent-vaporized region,

the spread in eftectlve length required to vaporize

a given percentage of propellant for various
conditions was -20 percent about the mean

curve.

To determine design or operating parameters

for propellants other than those represented in

figures 28(a) to (e), generalized results are pre-

sented in figure 28(f). Here the mass vaporized is

plotted against a generalized length:

/ I_ 0.83 l_¢ ",+do, .so
(P/300) o."

/ i, Nt.tS/ . \0.75/ % ".0.8 ," _ ".0.35

(1--Tzo a)°"[_ _ ( '_" _ / '" _ 1 ....
\°' L--,. \o.o:),_/ t.,Jo/ 14o} \to:)) "

(to3)

The generalized length (lifters from dte effective

length by the heat of vaporization _t the normal

boiling point X and dm molecular weight of dm
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(e) Fluorine sprays.

04 .06 .08 . I 2 .4 .6 .8 I. 2 4 6 8 I0 20

Generolized length, Z#en, in.

(f) All propellants, operating conditions, and design conditions.

FmERE 28.--Concluded. Correlated results. Geometric standard deviation of spray, 2.3.

4O

:(f)l

6O 8O

propellant _r. The data presented in figure 28(f)

result in a spread of ±35 percent about the mean

mass curve. The generalized-length parameter is

included to show what would be expected from

propellants that have not been calculat.ed by the
authors. Its usefulness probably is limited, but

it does show that a propellant with a low molecular

weight and a low heat of vaporization is desirable

to obtain a large fraction of propellant vaporized

in a _ven length. A.n example of such a propellant

is hydrogen, which, if injected as a liquid, will
vaporize in much shorter lengths than oxygen
or fluorine.

The spray distribution of 2.3 used to obtain

figure 28 corresponds to that observed in reference

25 for an impinging-jet injector. It is felt that

this distribution adequately describes tile sprays

produced in most rocket engines. The effect of

a different distribution, however, is shown in the
next section.
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FIoT:R_ 29.--Correlated results for _prays with various geometric standard deviations.
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_J

VARIOUS SPRAY DISTRIBIJTIONS

Correlated resuhs for sprays of heptane, am-

monia, hydrazine, oxygen, and fluorine with

different spray distributions are shown in figure 29.

Only the me_m curves are shown for tmch distribu-

tion. Increasing the standard deviation results in

a carve with a lower slope. All sumdard-deviation

curves pass through the same point at about 50

percent of the mass vaporized. Above the

50-perrent-vaporized point, sprays wi0_ a large

standard deviation require more length to vaporize

ghan sprays with a small deviation. (A standard

deviation of t represents a spray of uniform drop

size; increasing the standard deviation increases

the number of drops that are smaller and larger

than the median drop size.)

COMPARISON OF EXPERIMENTAL AND

CALCULATED PERFORMANCE

In order to determine whether the _-aporization

model and ,:aleulated results represent conditions

in an a_-tual rocket eombustor, experimental

performance results :Ire rompared with resuhs
calculated from the curve-_" presented in Om

preceding section.
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FIGURE 29.--Concluded.
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PREDICTED COMBUSTION EFFICIENCY

To tale:flare or predict engine performance, tile
experimental values of _:hamber pressure, injection
velocity, initial temperature of each propellant,
eombustor contraction ratio and length, and
nozzle shape factor and length were substituted

in tile equation for effective length, The mass-
median drop size for each test was determined as

wilI be ,_:_Iained in tile following se¢:tion. The
effective lengths for each test and propellant were
thus obtained. From the appropriate curve of
mass vaporized against effective length (fig. 29),
the amount of each propellant vaporized was
determined. The combustor efficiency was then

calculated by equation (52). The calculated or
predicted efflciencies calculated by this technique
are compared with the actual measured efficiency
in figure 30. The experimenutl effleiencies are
those reported in references 24 and 26 to 30 and
include different injection techniques, propellant
flows, mixture ratios, chamber pressures, chamber
lengths, propellants, and injeetor hole sizes. The

I00

8O

g

E

r.,,

,., 20

O

cl

O

.t

,4 d -'I

Propellant Injector
('Impinging iets

Heptane-oxygen _Triplet
J_Paral lel iets

Heptane, liquid oxygen, gaseous
oxygen

Ammonia, liquid oxygen,
gaseous oxygen, fluorine

Hydrogen, liquid oxygen, fluorine

JP-4, liquid oxygen

Hydrazine, liquid oxygen,

gaseous oxygen, fluorine

efficiency units.

I 1 I
o 20 40 60 80 100

Calculated efficiency, %

Fm_E 30.--Comparison of experimental :rod calculat.ed
effieiencies.

calculated and experimental values agree within
-5 experimental etfieiency units, with the excep-
tion of hvdrazine.

_k possible explanation for tile ,liserepaney widt
hydrazine may be the fact _hat. hy,lrazine decom-
poses at about 1000 ° R (ref. 31), which is about,

the temperature the drop reaches as it vaporizes.
This decomposition could cause the drops t_
shatter aml rims result in a higher vaporization
rate; or it could add heat in_ernally (which was
not included in the model), which would also"

result in a higher vaporization rate.
The spread of 4-5 efficiency units is within the

spread of the correlated results; that is, using the
maximum and minimum percent vaporized at a
given effective length to calculate performance
wouhl have resulted in ,:alculated efficieneies at

least __5 effi_ieney units different from those
obtained by the me_m curve. If the percent
vaporized had been calculated for the exact con-

ditions at which the eombustor was operating
instead of using the correlated curve, the a_ee-
ment between calculated and experimental results

wotfld have been better. This excellent agreement
between calculated and experimental efficiencies,

both in magnitude and variations with changing
conditions, certainly indicates that the vaporiza-
tion model represents the conditions in a rocket
combustor with oxygen, fluorine, ammonia, or
hydrocarbon fuels as propellants.

D_.TE_MmATm_ OF _ED, ANDROe SIZE

Drop sizes produced by an impinNng-jet injec-
tor were determined in cold-flow tests and reported
in reference 25. The results therein give the
volume-number mean diameter d_0 as a function

of jet diameter, let velocity, and difference be-

tween surrounding gas velocity and jet velocity.
Since the calculation of vaporization was made

with a mass-median drop size representing the
spray, the experimental results obtained in refer-
ence 25 were reanalyzed to determine r_,. These
results are shown in figure 31, where r,, is plotted
against jet diameter dj for one jet velocity and
various velocity differences _\ The geometric
standard deviation of the sprays (of ref. 25)
was 2.2 4- 0.3, indicating that the percent-
vaporized curve for spra_ with a distribution of
2.3 represents t.his type of an injector within
reasonable degree of accuracy. Drop sizes in an
actual engine cannot be directly determined from
figure 31, since the velocity difference in an actual
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Fi_unE 31.--Drop sizes determined from cold-flow measurements. Impinging jets; jet veIocity, 65 feet per second.
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FIaCRE 32.--Drop sizes determined from experimental engine performance.
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combustor is unknown. As a result, the velocity
difference must be either estimated or determined

from additional data.

The results presented in references 24 and 29

can be used to determine tile drop size, however.

The procedure followed is to calculate the mass

vaporized of each propellant as a function of length

front figure 29 assuming equal drop sizes for both

propellants. This relates the percent fuel vaporized

to ox-idant vaporization. The fuel-to-oxidant

relation is used in equation (52) to convert effi-

ciency to percent fuel vaporized. The effective

!ength is then obtained for this percent vaporized

from the correlation curves, such as figure 29.

The effectivedength equation is then solved for

the median drop size. The results of such a cal-

culation are shown in figure 32, where drop size

is plotted against jet diameter for various injector

techniques. The value of aG for parallel jets and

impinging jets was 2.3, while for the triplet i¢
was 3.6. I,_ all the tests of references 24 and 29

the jet velocity was approximately 65 feet per

second, and impingement angles were 90 ° for

the impin_ng jets and triplet types of injectors.

Comparing figures 31 and 32 for the impinging

jets indicates that the velocity difference is approx-

:1tt-
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imately 150 feet per second. This velocity differ-

once is probably the velocity perturbation pro-

duced by small pressure flu,,tuations, since the

same velocity difference is observed with corn-

busters having a wide range el" contraction ratios

or gas v£ocities (eel. 32).

To determine drop sizes in the preceding section,

figure 31 was used for a velocity difference of

150 feet per second m determine the drop size for

various injector velocities, interpolating where

necessary. For conditions beyond the range of

figure 31 (i.e., large jet diameters and parallel-jet

and triplet injectors), the drop size was determined

from figure 3_'2.

The effect of propellant properties on drop

size can be determine,l by extrapolating the re-
suits obtMned in reference 33 for crosscuiTont

breakup of jets of various liquids. The drop size

was found to be a function of surface tension,

viscosity, and density, as given by

(o',_{') TM

Therefore, mean size for propell,mts other than

heptane (X) was determined by

(Pc:_,, _.x #x ) TM

APPLICATION TO COMBUSTOR DESIGN

Satisfactory steady-state operation of a rocket

chamber requires, simultaneously, high combustion

efficiency, smooth and stable burning, and ade-

quate cooling of injector, chamber walls, and

nozzle. Design features desirable for one factor

may not be desirable for another factor, however;

for example, fine atomization for high combustion

efficiency may promote difficult cooling problems.

Also, features such as reignition or throttling may

be demanded of the engine. Thus, design com-

promises are required.

The vaporization theory just developed pro-

vides useful relations among combustor dimen-

sions, injector designs, chamber pressure, and

injector pressure drop for the steady-state com-

bustion process. The following discussion uses

these results in determining a particular eombustor

design. It should be pointed out that some of d_e

information that is used is still subject to modifi-

cation; and, wherever the reader feels that addi-

tional or new it.formation is more r_'liable, it
shouM be used instead of th:tt used herein.

SELECTION OF PROPELLANTS AND PERFORMANCE AND

OPERATING CONDITIONS

The first step in tt_, design of a combustor is

to determine what parameters that enter into the

design have been specified by other components

or requirements. The necessary parame, ters are
as follows:

(1) Propellants

(2) Combustor efficiency

(3) Chamber pressure

(4) Cylindrical-combustor length

(5) Convergent-nozzle length
(6) Contraction ratio

(7) Initial propelhmt temperature

(8) Injection velocity or pressure drop

(9) Type of injector

(10) Injector hole size

The propellants and efficiency are usually deter-

mined by the impulse required by missile-system

analysis. Chamber pressure is frequently speci-

fled by an analysis of the pump and engine system

for optimum weight and p_,rformance. Chamber

length, nozzle length, contraction ratio, and initial

propellant temperature might be specified by the

space allowed for the eombustor in the system or

the cooling requirements of the engines. The

injector pressure drop is often selected by the

eombustor designer with an eye towards the prob-

lems it places on the pumps. Low pressure drops

are desirable for the pump but will undoubtedly

produce troubles in the form of low-frequency

instability. Therefore, a compromise is appro:d-

mately 100 pounds per square inch, which is also

the region in which most. of the information on

drop size is available. The type of injector and

hole size might be determined by the experiment

or the limitations of the machine shops available,
or both.

In a particular design or application, several of

the parameters mentioned will not be specified.

The unspecified parameters will vary from appli-

c,ttion to application. Widl _he unspecified

parameters the designer can either find a trial-
and-error solution if there is more than one term,

or solve directly for one term. In the following

ex:_mple, the injector type and hole size are not

specified by other considerations. The specified
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parameters in the example are

(1) Propelhmts, heptane and liquid oxygen
(2) c* efficiency, 95 percent

(3) Chamber pressure, 300 lb/sq in. abs

(4) Cylindrical-combustor length, S in.

(5) Convergent-nozzle length, 12 in.
(6) Contraction ratio, 2.0

(7) hfitial fuel temperature, 600 ° R; initial

oxidant temperature, 162 ° R

(8) Injection velocity, 780 in./sec

E 8 4 (0.83)(:2) -]r_=0.0,_3 _ 2:_T37CJ

(300/300)o._6 "l :J:'4_

(t 162y.,(rs%0-594
=0.01 t53 in.

By this procedure the necessary drop size required

for each propellant has been determined.

DETERMINATION OF DROP SiZE

Specifying the preceding parameters will specify

the effective length required to obtain the neces-

sary eombustor efficiency. Usual procedure would

be to have each propelhmt vaporize to the same

percentage as the desired combustion efficiency.

This minimizes off O/F regions and high temper-

atures and makes the percent vaporized equal to

the eombustor efficieney given in equation (.52).

From plots of the percent vaporized against

effective length, the effective length is selected

that gives the desired percent vaporized (equal

to the eombustor effieieney). For heptane, this

length is 16.8 inehes, and for oxygen, 5.94 inches

for a deviation of 2.3. The next step is to solve

the effective-length equation for drop size:

rm=0.003 ( l_ 0.83 le¢
P_

"},..4-¢:_S--¢-a3]

(P/a00) °8' I t/'.*"
/ Vo "\0.7.5

)0.4 --
(1-- T,.,,.. (,.1200) I,,

For heptane,

r,,=0.003 __Tia-{"2o._._,0.735o.aa.j

(3oo/3oo)°." }'/'."/ 600\°._( 780"_o.r5
:6.s

=0.00579 in.

For liquid o.-gen,

SELECTION OF INJECTOR

To detormine the injector, the authors would

advise using figure 32 and equation (105) as the
best available daU-_ until additional information

regarding drop sizes in rocket combustors becomes

knox_m. For the heptane drop size of 0.00579

inch, the jet diameter can be read directly h'om

figure 32. Either an impinging jet of 0.1:3 inch

or a triplet-type injector of approximately 0.8

inch would produce a spray of this median drop

size. However, the triplet injector has a dis-

tribution corresponding to a deviation of 3.6
instead of the value of 2.3 used to obtain the

effective length. Xlso, the triplet produces in-

tense burning dose to the injector, resulting

in injector burnouts. For these reasons the

impinging-jet type of injector would be more
desirable, and a hole size of 0.13 inch would be

used for the heptane.
To determine hole size for the oxidant from

figure 32, the 0.01153-inch mean drop size must

be converted to an equivalent size produced with

heptane. This is accomplished by equation (10.5) :

(PcTH,, O'I,LOX _LOX'_ 1/4

rm, LOX = rm. C?HIS \- _ Gl, CgHI6 I_CrHIg/

(0.684 1.3.2 0.19:)'_ _/_
0'01153=r_"c_1_ \1.14 16.5 _]

0.01153 0 01565
rm.e:Hl6--_4= . , in.

To obtain this drop size of 0.01565 inch, parallel

jets would be selected with a diameter of 0.33
t

-1;! 1
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it
inch, since the cost of drilling holes for parallel
jets is much less than for impinging jets.

The injector would thus consis_ of pairs of

heptane jets from 0.13-inch holes impinging
upon each other'. The oxidant would be intro-

duced through 0.33dnch holes to form parallel
jets.

DISCUSSION AND CONCLUSIONS

Calculations of tile mass histories of drops have

shown that the vaporization process requires con-
siderable chamber length before complete vapor-
ization is attained. With uniform drops of 75-
micron radius, 8 inches are required to reaO_ 99
percent of the mass vaporized for typical com-
bustor conditions; while, for nonuniform sprays,

a 225-micron-radius drop requires 40 inches to
reacil 99 percent of the mass vaporized. Since
these are about the size drops produced in rocker
en_nes, it is evident that the propellant vapor-
ization process cannot be overlooked in rocket

combustion. Mass histories of vaporizing sprays
show that the large drops are responsible for the

unvaporized mass in the 90-percent tot,d-mass-
vaporized region. For high efficiency the corn-
buster must therefore be designed with sufficient
stay time for the large drops to vaporize. The
advantage of eliminating these drops if at all pos-
sible is also indicated. An analysis that considers

the propellant sprays to consist of an average
size drop will be in considerable error in predict-
ing the chainber length or stay time required for
complete vaporization. A more conservative and
probably better approach would be to consider
the spray to consist only of the maximum size

drops to determine the length or stay time
required for complete vaporization.

The analysis has also shown that cryogenic
propellants vaporize faster than the usu,d liquid

propellants. This might be considered to be a
boiling-point phenomenon as a fu'st impression.
In reality, though, the boiling point does not
affect the vaporization process in a rocket corn-
buster operating at high temperature and pres-
sure. The higher vaporization rates with the

cryogenic propellants are due to the lower heM_
of vaporization. The heat of vaporization is im-

portant, since it controls the pounds ofpropelhm_
vaporized per Btu of heat arriving at the drop
front the surrounding hot gases.

Calculations of the effect, of various operating
parameters have shown that a low-contraction-
ratio chamber and a low injection velocity are
desirable. The lo,v contraction r,ttio is desirable

because it produces a higher gas velocity in the
combustor, thus providing a higher Reyrmhls nun>
bet for the drops with associated higher heat-
transfer and mass-transfer rates to the drop. The

lower injection velocity is desirable because it
provides a longer stay time for the drops, result-
ing in more mass vaporized before the drops leave
the nozzle throat. This conclusion differs from

the results obtained by assuming complete entrain-
ment of drops in reference 19.

Comparisons between combustor performance
calculated on the basis of propellant vaporization

as the rate-controlling step and actual experi-
mental combustor performance with oxygen, fluo-
rine, ammonia, and hydrocarbon fuels as propel-
tants exhibited good a_'eement. One wouhl
therefore infer that the vaporization process is

the rate-controlling step in these rocket ,'ombustors
under normal operating conditions. It is impos-
sible to prove that vaporization is the rate-

eontroUing step, since actual drop sizes have not
been measured in a rocket at this time. The

drop sizes used in obtaining the a_eement men-
tioned were calculated (assuming vaporization is
rate-controlling) from combustor performance
tests or were calculated from the dat._ of refer-

ence 25 assuming a gas vdocity. These are not
minor assumptions, and therefore one can only
infer that vaporization is rate-controlling. The

proof has to wait until the assumptions are proved
correet.

It is believed that the material presented herein
can be used as an aid in desig'ning or modifying
rocket combustors. For the neophyte it is possible
to calculate approximate values of various pa-
rameters required in the design of a high-efficiency
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combustor. For the experienced designer the
material presented should sngg_,st certain pa-
rameter changes that would be desirable and
the extent of these changes to obtain the desired
conditions.

The material presented is definitely limited by
the assumptions (1) that all the heat for v_por-
iz_tion comes from the hot gases, (2) that no

breakup or interactions between drops occur, and
(3) that instantaneous mixing and reaction are
obtained.

The first assumption is not correct for premixed
hypergolic propellants or Inonopropelhmts that
have liquid-phase reaction. With these conditions

the vaporization rate would be increased, depend-
ing on the rate of the liquid-ptmse reaction. In
the limit, all the heat for vaporization would be
supplied by liquid-phase reaction, and the liquid-
phase reaction would be rate-controlling, in which

ease the performance wouht be higher than pre-
dicted by the vaporization model.

The second assumption is not valid for drops
with a large velocity difference between the gas
and drops. With a large velocity difference, a
critical Weber number (We=t0)wouht be ex-
ceeded and the drops would shatter. This situa-
tion probably exists in the nozzle where some of

the large drops are shattered. Shattering would
increase the vaporization rate and produce higher
performances than predicted by the vaporization
model.

The third assumption is not valid when propel-
lants with very low reaction rates are used. Low

reaction rates are most likely to happen at very
low chamber pressures with a propellant like nitric
acid. (Even with these conditions, the reaction
rate would probably be faster than the vaporiza-
tion process, in light of the work of ref. 5.) If
the chemical reaction rate is slow, additional time
and space will be required to obtain the desired
performance. With an injector that does not

have a uniform distribution of propellants, the
third assumption would also not be valid. Under
these conditions there would be variations in the
mixture ratio across the chamber. Variations in

mixture ratio would result in a lower perform-

ante than predicted. The perform,race of a non-

uniform injector can be calculated, however, by
dividing the injector into small sections (e.g., 1-in.
squares), calculating the performance from each
section as though it were a single combustor, and
then avera_ng the performance for all the sections.

The results of this study have suggested addi-

tional desirable research relating to rocket corn-.
bustion and performance. The most important
is the study of liquid spray characteristics in hog
combustors. Information regarding what controls
drop sizes and distribution is definitely meager,
and the quantitative information on actual size in
combustors is nonexistent. The pictures presented
in reference :_4 clearly show that liquid drops exis_
in the combustor, but one cannot obtain drop sizes.

Included in the spray characteristics is the problem
of drop shattering due to high Weber numbers.
The time required for this breakup and the critical
number in a combustor are needed.

The results have also indicated a need for more

information on the rates for other processes.
This includes the rate of liquid-phase reactions in
premixed hypergolic propellants and monopro-
pellants as well as decomposition reactions that

may occur with nitrogen tetroxide, hydrazine,
and so forth. As pointed out previously, with
these propellants the rate-controlling step could
be the liquid-phase or decomposition reactions,
which would have different characteristics from

those exhibited by vaporization. Another process
deserving more investigation is gas-phase mixing.
k technique for accounting for the effect of poor

local mixture ratios on performance was just given,
but it would be desirable to know the extent of

mixing in an actual combustor.

Another aspect of this work that should be in-

vestigated is the role of propellant vaporization
in combustion instability. The work of reference

35 shows that the vaporization process is acceler-

ated in an oscillating airstream and that the rate

exhibits periodic perturbations that could drive a ,

pressure wave. More information is needed,

however, to determine whether this perturbation

is sufficient to drive the pressure wave.

-II1
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SUMMARY OF RESULTS

A model and theory for rocket eombustion based

on the assumption that propellant vaporization is

tile rate-controlling process have been described.

Vaporization rates and histories were calculated

for sprays of heptane, ammonia, hydrazine, oxygen,

arid fluorine for various spray conditions and en-

#ne design and operating parameters. These

cMculations ha.re qun.ntit_tively sho_m the

following results :

1. The eombustor length required to vaporize

a given percentage of propellant increases with

larger drop sizes, higher injection velocity, and

higher contraction ratio.

2. The ¢ombustor length required to vaporize

a given percentage of propellant decreases with

higher chamber pressure anti initial propellant

temperat m:e.

3. Combustor hmgth required to vaporize a

given percentage of propellant is the shot'_est

with oxygen _md increases in order for fluorine,

heptane, ammonia, and hydrazine.

An analysis of the quantitative effect of incom-

plete propelhm_ vaporization on eombustor per-

refinance has also been presented. The equations

relating characteristic exhaust velocity to the

percentages of fuel and oxidant vaporized and

burned were given. A grapifical representation of

the reh_tion was presented for the hydrogen-

fluorine, hydrogen-oxygen, ammonia-oxygen, and

JP4-oxygen propellant combinations. The tom-

buster etticiencv is always higher than the percent

vaporized of the slow-vaporizing propellant.

Wkh all the oxidant vaporized, it is possible to

obtain combustor efficiencies of 70 to 90 percent

with half the fuel vaporized.

Comparison of experimental and calculated

eombustor etticiencies showed excellent agreement

where drop sizes couh{ be cah:ulated. For other

injectors, drop sizes were deduced that showed an

increase in drop size with injector orifice diameter

for various injector types.

L_:wls RE_EARCN CENTER

NATIONAL AERONAUTICS ANt) SPACE AO_tINISTRATION

CLEVELA._-D, 0HIO, Seplember 25, 195.9
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APPENDIX

PHYSICAL PROPERTIES

.EPT._SE W_TR aAs_ocs OXYGE._

Density of liquid.

p,=3.1662 3410-'_--9.5355 X I0-_T_

--6.945X10 -° T}, lb/eu in.

Heat of vaporization,

;_----139.9+0.181 T,--2.7875X 10-*T}, Btu/lb

Specific heat Of liquid,

cp. ,=0.231 + 5.62 X IO-_T,, Btu/(lb)(°F)

Specific }mat of heptane vapor,

cp._=0.5755 + 1.805X 10-4 T, Btu/(lb) (°F)

Specific heat, of combustion products,

cp.b=O.2898-!-4.07XlO-ST, Btu/(lb) (°F)

Thermal conductivity of heptane vapor,

k_=2.914 }< 10-s+ 5.847 X 10-" T,

Btu/(in.) (see) (°F)

Thermal condllctivity of combustion products,

ko= 1.3349 X 10-7+3.4111 X 10-'° T,

Btu/(in.) (sec) (°F)

Vapor pressure,

5255.89687 lb/sq in.
In p=.s= 11.94763 T,-- 101.58'

Viscosity of heptane vapor,

_= 2.106 X 10-7_ 7.690 X 10 -m T, lb/(in.) (see)

Viscosity of combustion products,

_ =5.5615 X 10-T+ 1.4214 X 10-9 T, lb/(in.) (see)

Diffusion coefficient of vapor mixture,

D,,_= [-- 9.815 X 10-_÷ 1.973 X 10-6T

-- 300
_-1.1319X 10-9(T):]--_-,sq in./sec

Molecular weight of combustion products,

J_f_= 3I,Ib/mole

OXYGEN WITI-I GASEOUS HEPTANE

Density of liquid,

O _ I O-- " "- --4p,=0.0.30,9 .-r,,._3o9 X I0 T,

--9.9465X 10-rT},Ib/cu in.

Heat of vaporization,

X=61.332÷O.5916T,--2.48v'a-_T 2 Btu/lb/% a._] t,

S "_peclfic heat of liquid,

c_, z= 0.3726 ÷ 2.0482 X 10-4T, Bt,u/(Ib) (°F)

Specific heat of oxygen vapor,

c_,,=0.21333{-2.2111 X 10-5T, Btu/(lb)(°F)

Specific heat of combustion products,

c,. ,=0.2898 + 4.07 X 10-ST, Btu/(lb) (°F)

Thermal conductivity of oxygen vapor,

k,= 2.6611 X 10-:><, 3.4057 )< 10-_°_,

Btu/(in.) (see) (°F)

Thermal conductivity of combustion products,

kb---- 1.3349 X 10-7{- 3.4111 X 10-m T,

B tu/(in.) (sec) (°F)

Vapor pressure,
1476.4912

In p=.s= 11.9584 T,--3.5680' lb/sq in.

Viscosity of ox'ygen vapor,

t,_= 2.2500 X 10 -7-}- 1.1702 X 10 -_ T, lb/(in.) (see)

Viscosity of combustion products,

uo----5.5615X 10-7+ 1.4214X 10-_, lb/(in.) (sec)

Diffusion coefficient of vapor mixture,

D,,_---- [ -- 2.36.296 "-Z10 -a -}-5.7897X 10 -6 T

+2.87685 X 10-9(_l 300--p-, sq in./sec "

._'[olecular weight of combustion products:

._f_=31, lb/mole



2

VAPORIZATION AS DESIGN CRITERION" FOIl

AMMONIA WITH GASEOUS OXYGEN"

Density of liquid,

p,= 3.13955 X 10 -_- 6.0219 ;_. 10 -_ T_

-- 2.2:3169 ;410-STY, lb/eu in.

Heat of vaporization,

X= 676.362 + 0.32247 T,-- 1.210 ?< 10-3 T_, B tu/qb

Specific heat of liquid,

ep. ,=0.8314+ 5.7993 }< 10-_T, Btu/(Ib) (°F)

Specific heat of ammonia vapor,

cp.,=0.60931 38.31361 )< 10-ST, Btu/(lb) (°F)

Specific heat of combustion products,

cp. _=0.403578 '--6.996 _ 10-_ T, Btu/(lb)(°F)

Thermal conductivity of ammonia vapor,

ka = 4.6853 }< 10-r+3.551 }< 10-t° T,

B tu/(in.) (sec) (°F)

Thermal conductivity of combustion products,

ko--- 5.10692 X 10-s+ 7.616145 )< 10 -I° T,

Btu/(in.) (sec) (°F)

Vapor pressure,

lnp_.s=13.1485 3899.209 lb/sq in.
T_-- 58.2354'

Viscosity of ammonia vapor,

u_---- 1.07097 × 10-'+ 8.11607 × 10-'°T, lb/(in.) (sec)

Viscosity of combustion products,

u_= 1.64352 X 10-7+ 2.45252 X 10 .o T, lb/(in.) (sec)

Diffusion coefficient of vapor mixture,

D,== [--4.87304 X 10-2+4.01198 × 10-sT

_8.a58×10_i0(  ] 300
--if-, sq in./sec

Molecular weight of combustion products,

,M _----24, lb/mole

ROCKET-ENGINE CO_IBUSTION CHAMBERS ,_3

rm_,AZ,N_ wn'_r CASEO,;S OXYC_

Density of liquid,

pr----3.062318X [0-_-:-4.02S897 )< IO-_T:

--5.54321 _/ln-_'r-" [b,cu in.

Heat of vaporization,

X=730.747--0.3o9130oT,.-r-l.214)<10 T_, Btu/lb

Specific heat of liquid,

ep. _=0.589125+2.80708X 10-_T, B tu,.'(lb) (°F)

Specific heat of hydrazine vapor,

cp._=0.3360+ 1.804 × 10-47, Btu/(lb) (°F)

Specific heat of combustion products,

c,. b= 0.403578 + 6.996 X 10-6 T, Btu/(lb),.°F)

Therm_.ll conductivity of hydrazine vapor,

k,= 1.23753 X 10-s+2.230358 X 10-_°._,

Btu/(in.) (see) (°F)

Thermal conductivity of combustion products,

k_=5.10692 ,_ 10-s+7.616145 ?< 10-'0 _,

B tu/(in.)(see)(°F)

Vapor pressure,
7363.22

In p,.s = 14.328787 T_-63.1713' lb/sq in.

Viscosity of hydrazine vapor,

t_= 4.19981 X 10-s+ 9.581164 X 10-I°T,

lb/(in.) (see)

Viscosity of combustion products,

t_---- 1.64352 X 10-:+2.45252 X 10-_T, lb/(in.) (see)

Diffusion coefficient of vapor mixture,

D,,== [--5.3537 X 10-'+3.13874 X 10-_f

+3.37045 × 10-_(T) :] 300
_-, sq in./sec

Molecular weight of combustion products,

_/_--= 24, lb/mole
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FLUORINE WITH GASEOUS HYDROGEN

Density of liquid,

p_= 6.846 )4 I0-2--3.036 )-(10-5 T_
--3.9308 X 10-TTL Ib/cu in.

Heat of vaporization,

X=48.8106 +0.4993 T_--2.2932 X 10-:TL Btu/Ib

Specific heat of liquid,

cp. _=0.349 + 1.212 X 10-4T, Btu/(lb) (°F)

Specific heat of fluorine vapor,

c_._= 0.223994 + 1.667 X 10-6 T, Btu/(lb) (°F)

Specific heat of combustion products,

cp. b----0.32332 + 2.068 X 10-_T, B tu/_lb) (°F)

Thermal conductivity of fluorine vapor,

k_= 2.7606 )( 10-7+3.47122 X 10-1° T,
Btu/(in.) (see) (°F}

Thermal conductivity of combustion products,

k_= 1.0765 X 10-7+4.3 I280 X 10-_°_,

B tu/(in.) (see) (°F)
Vapor pressure,

1482.9545
Inp,.s=i2.3171. . -, lb/sq in.

Tz-- 2.0645

Viscosity of fluorine vapor,

#,= 1.2591 X 10-6+ 1.584 X 10-gT, lb/(in.) (see)

Viscosity of combustion products,

ub= 2.60098 X 10-7+ 1.04178 X 10 -9 T, lb/(in.) (see)

Diffusion coefficient of vapor mixture,

D,._= [--4.5732 X 10-3+ 1.078 X 10-5_

+ 5.421 X 10-°(:_) 2] 300--if-, sq in./sec

Molecular weight of combustion products,

•Mb= 20, lb/mole
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